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The  two  research  projects  undertaken  at  UCLA  under  this  grant  have  focused  on  the  analysis 
and  control  of  mixing  and  reaction  processes  during  the  destruction  of  hazardous  waste  surrogates 
as  well  as  pyrolysis  gas  surrogates  from  a  primary  treatment  system  such  as  plasma  arc  pyrolysis. 
Both  projects  have  relevance  to  the  thermal  treatment  and  destruction  of  shipboard  wastes 
generated  on  Navy  vessels,  and  both  projects  have  demonstrated  extremely  high  degrees  of 
efficiency  and  toxic  emissions  reduction. 

1  The  Resonant  Incinerator /Afterburner 

The  first  project,  the  resonant  incinerator/afterburner  or  “trapped  vortex”  com¬ 
bustor,  is  a  concept  designed  to  achieve  higher  volumetric  heat  release  rates,  improved  mixing 
and  surrogate  destruction,  and  real  time  active  or  passive  control  in  a  compact  device  under 
strong  acoustical  excitation. 

The  UCLA  resonant  incinerator/afterbumer  is  based  on  the  dump  combustor  concept,  which 
is  typically  used  in  aerospace  applications  (e.g.,  in  a  ramjet  engine)  to  maintain  high  rates  of  heat 
release  in  a  relatively  compact,  lightweight  combustion  chamber.  In  the  present  application,  fluid 
waste/pyrolysis  gas  surrogates  are  injected  into  the  recirculation  zones  of  the  device  s  combustion 
cavity,  where  they  are  trapped  for  relatively  long  periods  of  time  under  high  temperature  and/or 
high  radical  concentration  conditions,  and  thus  can  be  destroyed  to  a  high  degree.  A  schematic 
of  the  dump  combustor  device  used  in  the  present  study,  with  a  blow-up  view  of  the  recirculation 
zones,  is  shown  in  Figure  1. 
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Figure  1.  Schematic  of  the  dump  combustor,  including  features  of  the  combustion  chamber  cavity. 
Dimensions  are  given  in  units  of  mm. 

The  integrity  of  the  recirculation  cells,  and  thus  the  destruction  and  removal  efficiency  of  the 
incinerator/afterbumer,  are  strongly  correlated  with  natural  or  externally  forced  acoustic  reso¬ 
nances  excited  in  the  device.  Both  types  of  excitation  were  studied  experimentally  in  the  present 
device;  computational  studies  focused  on  natural  (unforced)  operation.  Major  accomplishments 
of  the  dump  combustor  research  are  outlined  below,  with  specific  details  provided  in  the  papers 
included  in  the  Appendix  to  this  report. 

1.1  Experimental  Results:  Natural  (Unforced)  Operation 

Upon  the  recommendations  of  our  grant  monitor,  Dr.  Klaus  Schadow,  the  initial  focus  of  the 
experimental  research  here  was  on  the  natural  operation  of  the  dump  combustor  (acoustically 
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resonant  as  well  as  quiet).  Both  gaseous  and  liquid  waste  surrogates  were  tested  in  this  device. 
Sulfur  hexafluoride  (in  the  gaseous  phase)  as  well  as  acetonitrile  (in  the  liquid  phase)  were  used 
in  these  experiments  as  surrogates,  and  the  relationships  among  waste  destruction,  acoustic 
characteristics,  equivalence  ratio,  flow  rates,  and  geometry  were  determined.  Destruction  and 
removal  efficiencies  (DREs)  of  99.9999%  and  above  were  measured  for  optimal  (resonant  as 
well  as  quiet)  acoustic  conditions;  this  compares  with  DREs  of  99.99%  required  by  the  EPA 
for  hazardous  waste  incinerators,  an  improvement  of  four  orders  of  magnitude  above 
conventional  thermal  destruction  devices. 

Details  of  these  studies  axe  provided  in  two  journal  papers,  [1]  and  [2],  and  in  the  Ph.D.  thesis 
of  J.  Willis[3].  Specific  destruction  rate  results,  for  example,  are  provided  in  Figures  3  and  5  in 

[1]  and  in  Figures  2ab  in  [2],  which  are  included  in  the  Appendix. 

1.2  Experimental  Results:  Externally  Forced  Operation 

Later  experimental  studies  focused  on  the  ability  of  the  dump  combustor  to  destroy  surrogates 
under  externally  forced  acoustic  excitation  by  placing  a  loudspeaker  in  the  plenum  section  of 
the  device  (see  Figure  1).  Both  hazardous  waste  and  pjnrolysis  gas  surrogates  were  examined, 
the  latter  study  being  conducted  at  the  request  of  Dr.  Schadow  in  light  of  the  potential  for 
t>iig  device  as  an  afterburner  for  a  plasma  arc  pyrolysis  system.  Destruction  of  waste  surrogates 
SFe  and  methyl  chloride  (CH3CI)  and  a  pyrolysis  gas  surrogate  (a  mixture  of  ethylene 
benzene  (Ce^fe),  and  nitrogen  {N2))  were  examined,  with  results  described  in  two  journal  papers, 

[2]  and  [4],  and  in  the  M.S.  thesis  of  G.  Pont [5]. 

By  applying  acoustic  forcing  at  specific  high  frequency  natural  modes  of  the  device,  increases 
in  DREs  of  two  to  four  orders  of  magnitude  were  obtained,  again  exceeding  EPA  requirements 
by  several  orders  of  magnitude.  These  results  are  shown  in  Figures  3  and  4  in  [2]  and  in  Figures 
2  and  3ab  in  [4].  Simultaneously,  NO  emissions  as  well  as  xmburned  hydrocarbons  are  seen  to 
riimmifiVi  by  up  to  60%  and  by  several  orders  of  magnitude,  respectively;  these  are  shown  in 
Figures  Sab  and  6ab  in  [4]. 

Future  studies  include  using  the  dump  combustor  input/output  data  (pressures,  DREs,  chemi¬ 
luminescence  images)  in  the  development  of  active  control  algorithms  for  dump  combustor  flow- 
fields.  This  work  is  being  conducted  in  collaboration  with  Professor  Richard  Murray  of  Caltech. 


1.3  Experimental  Results:  Reactive  Flow  Diagnostics 

Fundamental  studies  of  the  underlying  mechanisms  of  this  remarkable  operation  were  con¬ 
ducted  by  performing  detailed  flow  diagnostics  in  the  dump  combustor. 

Chemiluminescence  imaging  of  electronically  excited  OH*  was  performed  in  the  combustor 
imder  naturally  excited  as  well  as  external  forcing  conditions.  These  studies  indicated  that, 
with  acoustical  forcing  at  natural  frequencies,  the  flame  structure  broadens  and  is  slightly  lifted, 
suggesting  increases  in  recirculation  zone  temperatures  with  acoustic  forcing.  These  results, 
shown,  for  example,  in  Figures  5  and  6  in  [2],  are  consistent  with  dramatically  increased  DREs 
of  the  surrogate  SFq. 
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Thermocouple  as  well  as  NO  planar  laser-induced  fluorescence  (PLIF)  imaging  (from  which 
temperature  flelds  are  estimated)  indicated  enhancement  of  energy  transport  to  the  recirculation 
zones  during  acoustic  excitation  at  natural  modes,  again  consistent  with  DRE  measurements. 
Thermocouple  results  are  shown,  for  example,  in  Figure  7  in  [4],  while  the  NO  PLIF  results  are 
included  in  the  Ph.D.  thesis  of  C.  Cadou[6]. 

Particle  image  velocimetry  (PIV)  in  the  device  was  used  to  quantify  the  two-dimensional 
velocity  fleld  in  the  dump  combustor  under  cold  flow  conditions.  These  results  indicated  that 
external  forcing  at  desirable  frequencies  broadens  the  jet/core  flow  substantially  and  strongly 
enhances  the  transport  of  momentum  between  the  recirculation  regions  and  the  core,  quantita¬ 
tively  represented  by  an  entrainment  factor.  These  results  are  documented  in  Y.  Kang  s  Ph.D. 
thesis[7].  The  results  are  currently  being  written  up,  together  with  the  NO  PLIF  results,  for 

journal  submission  ([8]). 

1.4  Computational  Results 

In  terms  of  computational  studies,  we  have  completed  several  studies  of  relevance  to  the 
dump  combustor  configuration  shown  in  Figure  1.  2D,  steady  state  numerical  simulation  of  the 
dump  combustor  was  initially  performed,  using  methane  as  the  waste  surrogate.  The  SIMPLER 
algorithm  is  used  here,  with  a  finite-rate  reduced  methane-air  mechanism  for  seven  species.  An 
examination  of  the  effects  of  oxygen  enrichment  was  also  conducted,  with  good  correspondence 
to  experimental  observations.  Results  from  this  study  are  described  in  [9]. 

Further  simulations,  also  using  SIMPLER,  were  conducted  for  the  case  in  which  a  liqmd 
surrogate  jet  is  injected  into  a  chamber  such  as  the  dump  combustor  cavity.  These  results,  which 
have  reasonable  correspondence  with  turbulent  spray  characteristics  seen  in  experiments,  are 

described  in  the  M.S.  thesis  of  M.  Mitchell[10]. 

Finally,  2D  transient  simulations  of  the  behavior  of  reacting  flows  in  a  dump  combustor 
cavity  (such  as  in  Figure  1)  were  performed  by  collaborators  in  the  Department  of  Mathematics 
at  UCLA.  This  study,  while  not  explicitly  funded  by  the  present  ONR  grant,  involved  a  significant 
amount  of  input  from  our  group  and  resulted  in  a  useful  simulation  of  the  evolution  of  the  shear 
layers  and  recirculation  zones  in  the  dump  combustor  with  complex  chemistry.  The  results  of 
this  transient  simulation  were  published  in  the  Ph.D.  thesis  of  R.  Fedkiw[ll]  and  in  a  journal 

paper  ([12]). 

2  The  Lobed  Injector/Burner 

The  second  project,  the  lobed  injector/burner,  is  a  concept  which  provides  a  means  of 
rapid  initial  mixing  of  fuel/waste/off-gas  and  air  in  a  thermal  destruction  device  via  passive 

flow  control.  . 

The  lobed  injector  consists  of  two  sinusoidally  loaded  plates,  as  shown  m  Figure  2,  between 

which  fuel  and  waste  are  injected  into  coflowing  air  and  strongly  mixed  due  to  the  formation  of 

streamwise  vortical  structures. 
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Figure  2.  Schematic  of  the  general  lobed  injector  geometry. 

Very  rapid  initial  mixing  of  reactants  occurs  through  streamwise  vorticity  generation,  produc¬ 
ing  high  strain  rates  which  can  enhance  mixing  yet  delay  ignition.  Further  downstream  of  the 
rapid  mixing  region,  the  flowfield  produces  a  reduced  effective  strain  rate,  thus  allowing  igni¬ 
tion  of  a  turbulent  flame  to  occur  in  a  premixed  mode,  allowing  for  a  more  complete  combus¬ 
tion/incineration  process  and  where  it  is  possible  for  combustion  to  take  place  under  very  lean 
very  rich)  conditions,  thus  potentially  reducing  toxic  emissions  from  the  burner. 

Major  accomplishments  of  the  lobed  injector  research  are  outlined  below,  with  specific  details 
provided  in  the  papers  included  in  the  Appendix  to  this  report. 

2.1  Experimental  Results:  Lobed  Injector  Mixing  Studies 

Non-reactive  mixing  experiments  were  conducted  at  UCLA  in  order  to  quantify  the  benefits  of 
the  lobed  injector  configuration  for  molecular  mixing  enhancement.  All  mixing  experiments  were 
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completed  using  CO2  as  a  fuel/waste  surrogate  (injected  between  the  lobed  plates  in  Figure  2), 
with  PLIF  imaging  of  acetone  seeded  in  the  002-  Two  alternative  lobed  injector  configurations 
were  examined,  in  addition  to  a  straight  injector  as  a  baseline  geometry. 

Results  for  the  lobed  injector  mixing  studies  were  published  recently  in  [13]  and  axe  included 
in  the  M.S.  theses  of  A.  Majamaki[14]  and  I.  Lam[15].  Acetone  PLIF  data  (e.g.,  see  Figures  4-9 
in  [13])  were  used  to  quantify  mixing  by  the  injectors  and  scalar  dissipation  rate  fields,  the  la,tter 
being  related  to  the  local  strain  rate  in  the  flowfield.  Mixing  by  the  lobed  injectors  was  quantified 
(using  the  “unmixedness”  parameter  suggested  by  Dimotakis  and  Miller)  under  a  variety  of  flow 
conditions,  in  some  cases  improving  mixing  by  60%  over  the  straight  (non-lobed)  injector  mixing; 
examples  are  shown  in  Figures  lOa-d  in  [13].  Scalar  dissipation  rates,  especially  for  a  rounded 
square  wave  lobed  injector,  were  also  found  to  be  large  near  injection  and  to  decay  downstream, 
as  would  be  expected  (see  Figures  lla-d  in  [13]).  Strain  rates  near  injection  were  estimated  from 
these  Tniving  experiments  to  exceed  500  sec~^,  sufficiently  high,  according  to  asymptotic  analysis, 
to  delay  ignition  and  promote  mixing. 

Further  miving  studies  for  the  lobed  injector,  including  high  speed  flight  tests,  are  being 
continued  under  NASA  sponsorship. 

2.2  Experimental  Results:  Lobed  Injector  Combustion  Studies 

Experiments  which  test  the  ignition  and  burning  characteristics  of  the  lobed  injector  have 
been  conducted,  with  propane  used  as  the  fuel/waste  surrogate.  Differences  between  flame 
structure  for  lobed  and  non-lobed  (straight)  fuel  injectors  are  remarkable.  For  identical  flow 
conditions,  the  lobed  injector  flames  effectively  are  highly  turbulent,  relatively  short  (less  than 
0.5  m  in  length),  and  bright  blue  in  color,  indicating  the  presence  of  a  lean  premixed  flame,  while 
the  flames  associated  with  the  straight  injector  are  very  long  (greater  than  1.5  m  in  length), 
laminar  strips,  and  blue  and  yellow  in  color,  exhibiting  significant  sooting  characteristics.  Even 
the  visible  flame  characteristics  indicate  a  substantial  degree  of  mixing  and  entrainment  of  air 
into  the  lobed  fuel  jet,  creating  locally  lean  premixed  or  partially  premixed  flame  structures. 

Preliminary  measurements  demonstrate  that  NO  emissions  from  the  lobed  injector/burner 
can  be  reduced  substantially,  especially  with  air  and  injectant  velocity  mismatches  which  further 
assist  miving  through  spanwise  vorticity  generation.  Sample  results  are  shown  in  Figures  4-6  of 
a  recent  conference  paper,  [16].  Further  testing  of  the  lobed  injector  is  continuing  under  NASA 
sponsorship,  and  will  be  a  part  of  the  Ph.D.  thesis  of  M.  Mitchell[17]. 

2.3  Computational  Studies 

Computational  studies  relevant  to  the  lobed  injector  were  of  two  types:  the  first  exanuning 
the  ignition  and  burning  properties  of  a  strained  fuel  strip,  a  component  of  the  lobed  injector 
flowfield,  and  the  second  type  of  study  examining  the  evolution  of  the  full  lobed  injector  flowfield, 
with  and  without  reaction. 

Computational  studies  of  the  ignition  of  a  strained  fuel  strip  were  completed  using  single 
step  activation  energy  asymptotics  and  numerical  solution  of  governing  equations;  these  were 
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published  in  the  M.S.  thesis  of  T.  Gerk[18]  and  in  the  recent  Twenty-Sixth  Symposium  (In¬ 
ternational)  on  Combustion  Volume[19].  New  modes  of  ignition,  involving  substantial  thermal 
feedback  between  species  interfaces,  were  identified  in  this  study;  these  are  shown,  for  example, 
in  Figure  2  of  [19].  Simulation  of  this  same  fiowfield  was  recently  completed  using  a  full  kinetic 
mechanism  for  the  propane-air  reaction.  The  different  modes  of  ignition  which  were  identified 
in  the  asymptotic  analysis  are  also  seen  using  the  full  simulation,  as  seen  in  Figures  5-8  in  a 
paper  recently  submitted  for  publication,  [20].  The  full  simulation  also  enables  computation 
of  the  processes  of  stable  combustion  and  extinction  as  well  as  prediction  of  NOx  formation; 
this  is  shown  in  Figures  11-12  in  [20].  This  full  kinetics  simulation  will  be  a  part  of  the  Ph.D. 
thesis  of  T.  Selerland[21].  These  studies  provide  substantial  evidence  that  ignition  delay  may 
be  enhanced  for  the  lobed  injector  fiowfield,  that  is,  occurring  at  lower  strain  rates  than  for 
conventional  injectors,  resulting  in  lowered  NOx  emissions. 

Simulations  of  the  evolution  of  the  fiowfield  created  by  the  lobed  injector  were  conducted  in 
collaboration  with  Dr.  J.  Strickland  of  Sandia  National  Laboratories,  Albuquerque.  Through 
mutual  research  interests,  Dr.  Strickland  developed  a  numerical  scheme  to  simulate  the  mixing 
processes  for  the  sinusoidal  lobed  injector  fiowfield  using  2D,  transient  vortex  elements.  This 
simulation  has  provided  remarkable  predictions  of  the  evolution  of  vortical  structures  associated 
with  the  lobed  fuel  injector.  Modifications  to  this  scheme  were  made  by  T.  Selerland  at  UCLA 
in  order  to  extract  streamtube  evolution  as  well  as  fiow  simulation  for  the  rounded  square  wave 
lobed  geometry.  These  results  compare  very  well  with  mixing  evolution  quantified  in  [13],  and 
the  modeling  study  of  mixing  will  be  written  up  soon  for  publication  ([22]).  This  code  is  also 

being  used  for  the  design  of  future  lobed  injectors. 

Modifications  to  the  vortex  element  code  are  also  underway  which  include  a  single  step 
reaction  to  simulate  the  combustion  process.  Additional  features  such  as  heat  release,  baroclinic 
vorticity  generation,  species  diffusion,  and  volume  expansion  are  being  included  and  will  be  part 
of  the  Ph.D.  thesis  of  T.  Selerland[21]  before  being  written  up  and  submitted  for  publication 
([23]).  This  future  work  is  being  supported  through  a  separate  grant  from  NASA. 
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Destruction  of  Liquid  and  Gaseous  Waste  Surrogates  in  an 
Acoustically  Excited  Dump  Combustor 

J.  W.  wil  t  IS,  C  CADOU,  M.  MITCHELL,  and  A.  R.  KARAGOZIAN* 

Dtpanmm  of  Mechanical,  Aerojet  end  Nuclear  Engineering 

O.  I.  SMITH 

Department  of  Cheimeal  Engineering,  Vniivsity  of  CaUfomie,  Los  Angeles,  CA  90024-1597 

Destniaion  of  gaseous  and  liquid  waste  sunogates  is  studied  in  a  iwo^iroensional  dump  combustot 
configuration.  Two  different  waste  surrogates  are  examined:  sulfur  hexafluoride,  which  «  in  the 

gaseous  phase  and  pyrolyzed  at  high  temperatures,  and  acetonitrile.  whWi  is  injected  m  the  liquid  phase  and 
can  be  burned  in  the  presence  of  high  concentrations  of  ooddizing  qpecies.  Waste  surrogates  are  injected 
thTftiioh  movable  ceramic  plugs  into  the  redrculation  zones  within  the  dump  cOTbustm  cavity.  The  mwable 
dugs  allow  the  combustor  cavity  length  to  be  altered,  in  turn  exciting  or  damping  various  a^stic  modes  of 
the  device.  Strong  coupling  among  the  fluid  mechanics,  acoustics,  and  combusthm/inOTeration  processes  are 
observed  in  this  device;  these  processes  are  represenutive  of  dump  combustors  in  general,  ^ong  the 
important  observations  in  this  study  is  that  waste  destruction  is  strongly  affeaed  by  the  flame  and 
recirculation  zone  stability.  When  the  flame  is  perturbed  by  large  vortical  struaures  corresponding  to 
low-frequency  “chugging”  osciUations,  or  when  it  is  chaotically  destabilized  (while  acoustically  quiet),  the 
recirculation  zones  into  which  waste  is  injeaed  can  be  destabilized,  and  DREs  for  the  sunogate  are  redured. 
When  the  is  subflized  under  conditions  vdiich  are  acoustically  quiet,  or  when  the  flame  is  only  slightly 
wrinkled  or  disturbed,  as  under  high-frequency  mode  conditions,  the  recircutation  zones  are  stable  and  waste 
is  usually  destroyed  well.  Waste  destruction  itself,  however,  is  also  observed  to  affea  recirculation  zone  and 
flame  stability  in  addition  to  affecting  the  device's  acoustic  signature. 


INTRODUCTION 

Increasing  restrictions  on  hazardous  waste 
streams  and  their  destruction  in  recent  years 
[1]  has  led  to  a  strengthening  of  interest  in  the 
development  of  highly  efficient,  controllable 
incinerators.  In  particular,  as  waste  minimiza¬ 
tion  practices  such  as  separation  and  reqrcle 
become  more  widely  used,  waste  streams  are 
expected  to  shrink  in  volume  and  become  more 
highly  distributed,  increasing  the  demand  for 
smaller-scale  incinerators  that  can  be  trans¬ 
ported  to  the  site  of  waste  generation  and 
whidi  are  potentially  more  acceptable  to  the 
public. 

Over  the  past  few  years  our  research  has 
focused  on  the  development  and  investigation 
of  a  small-scale,  two-dimensional  dump  com¬ 
bustor  (or  “resonant  incinerator”)  capable  of 
destroying  hazardous  waste  surrogates  to  a  high 
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degree  12-6].  The  acoustic  character  of  the 
incinerator  is  found  to  be  strongly  dependent 
on  operating  conditions  (combustor  cavity  size, 
gas  qieeds,  e(|uivalence  ratios,  etc.)  and  is  cor¬ 
related  with  combustion  instabilities  evident 
from  images  of  flame  deformations  [2,  4].  The 
degree  of  gaseous  waste  surrogate  (SF^)  de¬ 
struction  in  the  device  is  also  correlated  with 
its  acoustic  character  (3,  5],  thus  suggesting 
the  potential  for  use  of  the  acoustic  signature 
as  a  real-time  monitor  of  destruction  effi- 
dency.  Acoustically  resonant  conditions  ap¬ 
pear  to  materially  increase  the  rate  of  heat-re¬ 
lease,  resulting  in  veiy  high  volumetric  heat 
release  rates,  le„  high  power  in  a  veiy  com¬ 
pact,  lightweight  device.  Other  research  groups 
have  also  been  exploring  the  potential  of  pulse 
combustion  ^tems  in  designing  more  effident 
indnerators  [7, 8], 

The  goals  of  the  present  experimental  study 
are  fourfold:  (1)  to  examine  the  destruction  of 
a  liquid  waste  surrogate  (acetonitrile)  in  the 
resonant  indnerator  and  to  compare  its  perfor¬ 
mance  with  that  for  gaseous  waste  destruction, 
(2)  to  examine  the  effects  of  the  fluid  mechan- 
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ics  and  acoustics  of  the  device  on  waste  de¬ 
struction  in  general,  (3)  to  examine  the  effe^s 
of  waste  injection  and  destruction  on  the  fluid 
mechanics  and  acoustics  of  the  device,  and  (4) 
to  attempt  to  understand  the  strong  coupling 
among  fluid  mechanics,  acoustics,  and  combus¬ 
tion  in  an  acoustically  excited  combustor.  Goals 
1-3  clearly  have  a  direct  impact  on  the  use  of 
the  device  as  a  practical  hazardous  waste  incin¬ 
erator,  and  also  have  implications  for  current 
generation  incinerators. 

Goal  4  is  one  which  has  been  pursued  by  a 
niunber  of  research  groups  examining  dump 
combustors  that  arc  used,  for  example,  in  ram¬ 
jet  engines  {9-llJ.  These  researchers  have 
found  that  acoustical  excitation  in  a  dump 
combustor  is  strongly  coupled  to  the  vortices 
shed  in  the  combustor  that  are  coincident  with 
premixed  flame  structures.  Zukoski  and  co- 
workers  [10,  121  found  that  after  a  vortical 
structure  impinges  on  the  combustor  wall,  the 
intense  heat  pulse  produces  a  pressure  wave 
which  triggers  the  shedding  of  another  vortex. 
It  is  this  coupling  between  the  acoustics  and 
combustion  processes  that  is  re^jonsible  for 
sustaining  the  combustion  instability,  accord¬ 
ing  to  Rayleigh’s  criterion  [131.  According  to 
Rayleigh’s  criterion,  when  the  phaM  difference 
between  the  periodic  heat  addition  and  the 
pressure  oscillations  lies  between  plw  and  to- 
nus  one  quarter  of  a  period,  energy  is  supplied 
to  specific  acoustic  modes  of  the  device,  result¬ 
ing  in  acoustic  resonances.  The  coupling  be¬ 
tween  vortex  shedding  and  acoustic  oscillations 
in  a  combustor  has  been  diaracterized  Iq?  Yu 
et  al.  [11]  as  a  mixed  acoustic-convective  mode. 
In  the  present  study,  waste  injectidn  has  the 
potential  for  altering  the  convective  processes 
in  the  combustor  in  addition  to  chanpng  local 
sound  speeds  and,  in  turn,  the  acoustic  charac¬ 
ter.  Hence,  the  present  study  can  Aed  new 
tight  on  tto  complex  fluid  mechanics-acous¬ 
tics-combustion  coupling  in  a  dump  combustor 
environment. 

EXPERIMENTAL  APPARATUS 
and  PROCEDURE 

The  dump  combustor  used  in  the  present  ex¬ 
periments  is  shown  schematically  in  Fig.  1,  with 
an  expanded  view  of  flow/reaction  processes 


in  the  combustion  cavity  also  shown.  The  com¬ 
bustor’s  basic  features  have  been  described 
previously,  and  will  only  be  summarized  here. 
The  reader  is  referred  to  Refs.  4  and  5  for 
additional  details. 

Propane  and  air  at  room  temperature  are 
introduced  into  the  two-dimensional  plenum 
sfttjnn  of  the  combustor  after  first  passing 
through  calibrated  rotameters.  The  gases  are 
accelerated  through  an  inlet  section,  then  en¬ 
ter  the  combustion  cavity  at  a  sudden  expan¬ 
sion  or  “dump  plane,*’  where  premixed  flames 
may  be  stabilized  due  to  the  formation  of  high 
temperature  recirculation  regions  at  the  dump 
plane  [14J.  The  spanwise  depth  of  the  inlet, 
combustion  cavity,  outlet  and  exit  sections  (30.5 
cm)  is  usually  sufficient  to  produce  a  visually 
two-dimensional  flame  over  the  entire  span, 
although  under  certain  experimental  condi¬ 
tions  the  flow  in  the  cavity  becomes  turbulent 
and  the  flame/flow  structures  become  three- 
dimensional.  The  inlet  in  the  present  configu¬ 
ration  has  been  narrowed  to  0.69  cm,  com¬ 
pared  with  2.0  cm  in  the  device  described  in 
Ref.  5.  This  narrowing  of  the  inlet  allows  high 
frequency  acoustic  modes  to  be  generated 
with  greater  ease.  Quartz  windows  bound  each 
end  of  the  tystem  in  the  spanwise  direction,  al¬ 
lowing  appropriate  optical  access;  additional 
quartz  window  slits  are  installed  in  the  side 
walls  to  allow  the  introduction  of  a  sheet  of 
laser  light  for  optical  diagnostics. 

The  set  of  movable  ceramic  plugs  which 
define  the  outlet  section  is  a  novel  feature  of 
this  combustor.  It  is  through  the  movable  plugs 
that  waste  injection  occurs,  as  indicated  in  the 
figure.  Injection  into  the  recirculation  zones 
allows  wastes  to  be  trapped  for  relatively  long 
residence  times  under  high  temperature  condi¬ 
tions  so  that  they  may  be  destroyed  more 
efficiently.  Different  injectors  are  used  for 
gaseous  and  liquid  waste  surrogates.  Water 
cooled  stainless  steel  injectors  are  used  to  in¬ 
troduce  gaseous  waste  surrogates  into  the  cav¬ 
ity  (described  in  Ref.  5>.  there  are  roughly 
forty  03-mm-diameter  holes  in  the  spanwise 
direction  along  each  injector.  Liquid  wastes 
are  injected  through  stainless  steel  spray  atom¬ 
izers  (0.40  GPH  Delevan  60*  WDA)  which  are 
placed  in  a  water-cooled  box  embedded  in  the 
ceramic  plugs.  Cooling  the  liquid  prior  to  injec- 
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tion  prevents  vaporization  and  possible  pyroly¬ 
sis  of  the  waste  in  the  injectors,  »Wch  could 
clog  them.  There  are  three  liquid  injectors 
situated  on  each  ceramic  plug,  allowing  waste 
surrogate  to  be  injected  in  a  very  roughly  two- 
dimensional  ^n  of  the  combustion  caviar. 

Acoustic  data  are  taken  using  a  pressure 
transducer  located  in  the  plenum.  In  prior 
studies  of  a  smaller  dump  combustor  (21,  three 
different  acoustic  modes  were  identified  with 
combustor  operation:  two  high-frequenqr  oscil¬ 
lations  in  the  400-700  Hz  range  and  an  oscilla¬ 
tion  in  the  30-50  Hz  range  described  as  the 
“chugging”  mode.  The  high-frequency  modes 


are  observed  (from  shadowgraph  images)  to 
correspond  to  flame  wrinkling  or  even  small- 
scale  periodic  vortex  shedding  from  the  dump 
plane,  in  which  several  vortex  pairs  may  be 
present  in  the  combustion  eaxity  at  a  given 
time.  The  chugging  mode  conesponds  to  the 
formation  of  a  large  vortex  pair  at  the  dump 
plane  vkbich  grows  to  fill  the  entire  cavity  be¬ 
fore  dissipating,  probably  destroying  the  coher¬ 
ent  recirculation  regions.  A  "quiet”  mode,  in 
which  stable  flame  structures  are  formed  and 
the  recirculation  cells  remain  stabilized,  is  also 
observed  to  occur  under  certain  conditions. 
The  larger  combustor  studied  in  Ref.  5  is  the 
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one  used  in  present  context  except  with  a 
different  inlet  width,  as  noted  above.  In  the 
device  in  Ref.  5,  only  chugging  and  quiet  modes 
were  observed  to  occur,  with  the  altered  inlet 
width,  high  frequency  modes  are  also  excited. 
These  different  modes  have  different  implica¬ 
tions  with  respect  to  waste  destruction  in  the 
cavity,  as  noted  in  Refs.  3  and  5,  and  as  will  be 
described  below. 

SURROGATE  WAS1E  INJECTION 
AND  DETECTION 

To  evaluate  the  performance  of  this  dump 
combustor  as  an  incinerator,  two  different 
waste  surrogates  are  injected  into  the  combus¬ 
tion  cavity;  sulfur  hexafluoride  (SF^),  injected 
in  the  gaseous  phase  with  additional  nitrogen, 
and  acetonitrile  (CH3CN),  injected  in  the  liq¬ 
uid  phase.  SFe  is  an  extremely  refractory  com¬ 
pound,  which  shows  no  degradation  at  temper¬ 
atures  below  KXXPC  115].  Thus  SF*  fe  a  good 
surrogate  for  studying  waste  destruction  pro¬ 
cesses  which  may  be  susceptible  to  thermal 
by-passing.  Acetonitrile  is  selected  as  a  waste 
surrogate  because  of  its  resistance  to  incinera¬ 
tion  and  its  liquid  state  at  room  temperatures 
[16].  It  has  been  ranked  as  one  of  the  twenty 
RCRA  Appendix  VIII  compounds  that  are 
most  difficult  to  destroy,  primarily  because  of 
its  requirement  of  high  concentrations  of  oxi¬ 
dizing  radicals  for  destruction.  Hence,  destruc¬ 
tion  of  acetonitrile  should  verify  the  existence 
of  acceptable  otygen  concentrations  in  the 
recirculation  zones  of  the  combustor.  Detec¬ 
tion  of  waste  destruction  in  the  device  is 
made  using  a  gas  chromatograph.  The  GC  is 
equipped  with  an  electron  capture  detector 
for  SFe  measurements  sensitive  to  <  1  i^b; 
for  acetonitrile  measurements,  a  flame  ioni¬ 
zation  detector  is  used,  with  a  detection 
limit  of  the  order  of  1  ppm. 

RESULTS 

As  noted  above,  the  acoustic  diaracter  of  the 
device  is  correlated  with  its  ability  to  destroy 
injected  wastes.  Hence  the  acoustic  signature 
without  waste  destruction  is  important  to  de¬ 
termine  for  the  present  operation.  The  acous¬ 
tic  behavior  for  the  current  device  is  shown  in 


Fig.  2.  This  mode  map  indicates  that  a  “chug¬ 
ging”  mode  ( »  50  Hz)  typically  occurs  at  low 
equivalence  ratios  and  longer  combustion  cav¬ 
ity  lengths,  that  low  frequency  oscillations  ( » 
150  Hz)  tend  to  be  excited  under  rich  burning 
and  tong  cavity  conditions,  and  that  high- 
frequency  oscillations  ( *  500-600  Hz)  domi¬ 
nate  at  shorter  cavity  lengths  and  equivalence 
ratios  dose  to  unity.  Another  characteristic 
mode,  at  284  Hz  (dose  to  the  250-Hz  hydrody¬ 
namic  instability  mode  under  these  conditions) 
occurs  for  a  variety  of  cavity  lengths  and  equiv¬ 
alence  ratios,  yet  is  sensitive  to  the  length  of 
the  plenum.  Data  points  for  the  quiet  mode 
are  not  shown  here;  the  mode  tends  to  occur 
at  a  variety  of  cavity  lengths  and  equivalence 
ratios.  Again  we  note  that  only  chugging  and 
quiet  modes  could  be  generated  in  the  earlier 
version  of  this  combustor  [5]  with  a  wider  inlet 
area. 

We  now  explore  the  destruction  of  SF^  in 
the  present  device.  Typical  results  are  shown  in 
Fig.  3  for  the  destruaion  and  removal  effi- 
denty  (DRE)  of  the  incinerator,  given  in  num¬ 
ber  of  nines  (e.g.,  4  nines  is  equal  to  99.99% 
DRE  of  SFft),  as  a  function  of  the  global  volu¬ 
metric  heat  release  rate  or  power  density  in 
the  cavity.  Qearly,  there  is  a  strong  depen¬ 
dence  of  destruction  efficiency  on  the  acoustic 
character;  under  chugging  (very  tow  frequency) 
conditions,  DREs  are  unacceptably  poor,  un¬ 
der  high-frequency  conditions  DREs  are  mod- 
eratety  good,  yet  under  quiet  mode  conditions 
the  DREs  are  good  to  excellent. 

These  results  Indicate  that  waste  destruc¬ 
tion,  and  hence  the  stability  and  local  tempera¬ 
ture  of  the  redrculation  regions,  are  correlated 
with  the  different  acoustic  modes  which  are 
exdted.  Under  quiet  mode  conditions  with  high 
power  densities,  and  to  a  lesser  extent,  under 
hi^-frequency  modes,  the  recirculation  zones 
are  sufficiently  stable  and  contain  gases  at  high 
enough  temperatures  for  SF*  to  be  pyrol^d 
efficiently.  Under  chugging  mode  conditions, 
as  noted  above,  large  vortical  structures  are 
shed  periodically  from  the  dump  plane,  coinci¬ 
dent  with  the  premixed  flames,  which  grow  and 
perturb  the  recirculation  zones.  Hence,  under 
these  conditions  the  recirculation  zones  are 
subject  to  periodic  destruction,  so  that  the 
temperature  field  in  the  cavity  varies  period!- 


284 


J.  W.  WILLIS  ET  AL. 


A  Ougoint(-IOHl) 
o  Uurwqiwiirt-tgottt) 


cally  in  time  as  wclL  possibly  producing  tem¬ 
peratures  during  its  cycle  whidi  fall  below  the 
limit  for  SFj  destruction.  These  conclusions 
are  verified  planar  laser-induced  fluores¬ 
cence  (PUF)  images  of  OH  in  the  cavity,  shown 
in  Fig.  4.  Deuils  of  this  diagnostic  technique 
may  be  found  in  14].  High  concentrations  of 
OH,  which  is  an  indicator  of  flame  location, 
appear  in  the  shapes  of  two-dimensional  vortex 
pairs  under  diugging  mode  conditions,  pene¬ 
trating  well  into  the  recirculation  zones  of 
the  cavity.  Under  quiet  mode  conditions,  also 
shown  in  Fig.  4,  the  stabilized  flames  do  not 
significantly  disturb  the  recirculation  zones. 


e  OuMMod* 

•  OhuggingMo0« 
m  HighrmqmncyModfl 


Fig.  3-  Destruction  ind  Reroovtl  Efficiencies  (DREs)  of 
SFft  in  the  resonant  incinerator  for  quiet,  high  frequency, 
and  chugging  acoustic  modes  as  a  function  of  power  den¬ 
sity  in  the  combustion  cavity. 


Fig.  1  Acoustic  character  of  resonant  incinera¬ 
tor  without  waste  injection:  acoustic  modes 
excited  for  various  cavity  lengths  and  equiva¬ 
lence  ratios  of  core  flow.  Inlet  (core)  flow  rates 
vary  between  5  and  12  m/s. 

It  should  also  be  noted  that  when  SF^  is 
injected  into  the  combustion  cavity  under  reso¬ 
nant  conditions,  the  acoustic  characteristics  do 
not  change.  Neither  the  amplitude  nor  the 
frequency  of  the  oscillations  change  from  the 
values  obtained  without  waste  injection  (Fig. 
2),  and  when  the  combustor  is  operating  under 
conditions  udtich  would  produce  a  quiet  mode 
without  injection,  the  combustor  remains  quiet 
with  SFe  injection.  The  flame  characteristics 
are  also  unaltered  with  the  injection  of  SF^; 
the  mass  flow  rate  of  injected  gas  (SF„  and 
nitrogen)  is  low  enough,  less  than  8^  of  the 
inlet  flow  rate  (which  ranges  from  0.7  to  2.0 
kg/min),  so  that  the  recirculation  region  sta¬ 
bility  is  relatwely  unchanged  when  compared 
with  cases  without  injection  in  the  ca\’ity.  There 
is  also  no  appreciable  release  of  heat  in  the 
recirculation  zones  due  to  pyrolysis  of  SF*, 
and  of  course  no  additional  flame  structures 
are  present  in  those  regions  due  to  the  nature 
of  SF*  destruction.  Hence  these  results  con¬ 
cerning  the  acoustics  and  flame  characteristics 
would  clearly  be  expected  for  this  type  of  waste 
surrogate. 

Destruction  of  acetonitrile,  the  liquid  waste 
surrogate,  is  summarized  in  Fig.  5.  Acetonitrile 
is  injected  through  water-cooled  atomizers  at 
roughly  the  same  mass  flow  rate  as  that  of  SF* 
and  nitrogen  used  above.  Here  DREs  are  eval¬ 
uated  as  a  function  of  the  overall  equivalence 
ratio  for  the  combustor,  which  considers  fuel 
injection  through  the  inlet  core  (propane)  as 
well  as  injection  in  the  cavity  (acetonitrile). 


a) 


Rt  4  inT**"**"*****  tatties  of  defoiroed  Itene  muctures  in  the  tarinerator  under  (a)  chugging  m<^  i^llatiw  <43 
hS  and  (b)  quiet  mo^omditions.  Hanar  laser-induced  fluorescence  (PUF)  of  the  OH  r^i^  u  u^  to 
images  of  OHcoicemrations  (Iran  Ref.  4);  the  color  sequence  led-yeltow-gieen-blue-black  depirts  decreasing  OH 
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This  definition  of  overall  ^  is  ai^ropriate  since 
there  can  be  combustion  (and  a  secondary 
flame)  occurring  in  the  recirculation  regions. 
Equivalence  ratios  computed  using  only  the 
core  flow  are  also  shown  in  the  figure. 

The  filled  triangle  ^bols  represent  eqieri* 
mental  conditions  run  in  whidi  the  core  flow 
contains  emidied  oo^en;  fliis  allows  excess 
or^en  to  be  tran^xnted  to  the  redrculation 
regions  to  assist  with  acetonitrile  destruction. 
As  would  be  expected,  the  cases  with  enridied 
oxygen  provide  the  lowest  overall  equivalence 
ratio  and  the  hipest  overall  DREs  for  acetoni¬ 
trile.  The  circles  refer  to  experimental  condi¬ 
tions  without  use  (rf  enridied  m^en  in  the 
core.  The  open  circles  corre^nd  to  quiet 
mode  conditions  observed  for  waste  injection, 
occurring  mostly  under  lean  conditions  in  the 
core  flow.  The  closed  drdes  correspond  to 
conditions  which  produce  a  high-frequency  os¬ 
cillation  in  the  combustor  with  acetonitrile  in¬ 
jection;  these  cases  occur  under  nearly  stoi¬ 
chiometric  core  conditions  and  produce  the 
worst  DREs  of  all  cases  considered. 

The  data  described  in  Fig.  5  are  quite  reveal¬ 
ing  with  respect  to  fluid  mechanicaJ,  acoustic, 
and  combustion  processes  in  the  dump  com¬ 
bustor.  First  of  idl,  most  of  the  e:q)erimental 
conditions  whidi  produce  nonosdllating  (quiet) 
combustor  operation  mth  waste  injection  actu¬ 
ally  correspond  to  conditions  producing  chug¬ 
ging  (e  50  Hz)  or  low-frequency  (•  150  Hz) 


Fig.  5.  Destruction  and  Removal  Eflidencies  (DREs)  of 
acetonitrile  in  the  resonant  incinerator  for  cases  with  and 
without  the  enrichment  of  oxygen  in  the  core  (inlet)  flow. 
DREs  are  evaluated  for  different  overall  equivalence  ra¬ 
tios  as  well  as  equivalence  ratios  of  flow  in  the  core  only. 


modes  witfiour  waste  injeaion,  shown  in  Fig.  2. 
Tliis  is  particularly  true  for  the  data  given  by 
open  cMes  in  Fig.  5.  Injection  of  acetonitrile 
^jpears  to  completely  dampen  these  low-fre- 
quen^  oscillations.  In  addition,  when  acetoni¬ 
trile  is  injected  under  conditions  which  pro¬ 
duce  a  high-frequen^  mode  without  injection, 
the  resulting  high  fi^uenQ*  mode  with  injec¬ 
tion  b  significantly  weakened  in  intensity  (filled 
drdes  in  mg.  5).  The  frequency  of  the  high- 
frequency  oscillation  remains  ^e  same  with 
waste  injection  as  without  injection,  however. 

These  observations  concerning  the  waste  de¬ 
struction  and  the  acoustic  alteration  may  be 
esqflained  as  follows.  For  liquid  waste  injection 
with  fai^  core  equivalence  ratios  (0.90-1.1), 
there  b  deariy  not  much  oxygen  transported 
through  the  primary  flames  into  the  redrcula¬ 
tion  zones.  Thus  acetonitrile  injected  into  these 
zones  b  not  exposed  to  enough  oxygen  to  bum; 
the  waste  simply  vaporizes  and  pyrolyzes,  prob- 
abty  reducing  ^e  overall  temperature  of  the 
redrculation  zones.  Destruction  of  the  acetoni¬ 
trile  b  poor  under  these  conditions  because  of 
the  reduction  of  oxidizing  radical  concentra¬ 
tion  in  the  recirculation  zones;  the  resonant 
modes  are  probably  damped  due  to  the  re¬ 
moval  of  heat  in  these  zones.  Hence,  a  lesser 
degree  of  energy  b  put  into  the  acoustic  osdl- 
lations  at  these  conditions,  and  the  oscillations 
are  either  damped  (as  in  the  high-frequency 
case)  or  not  exdted  at  all  (as  in  the  low-fre¬ 
quency  case).  In  terms  of  Rayleigh’s  criterion, 
Ab  means  that  the  acetonitrile  injection  not 
only  reduces  the  magnitude  of  the  oscillations 
in  heat  release  at  the  dump  plane,  but  also 
appears  to  diange  the  phase  of  the  low- 
frequency  osdllations  such  that  the  acoustic 
instability  b  not  sustained. 

Thb  condusion  b  further  verified  by  experi¬ 
ments  in  which  water  b  injected  into  the  com¬ 
bustor  cavity  instead  of  acetonitrile.  Water  only 
vaporizes  in  the  cavity,  without  pyrolysis  or 
formation  of  any  secondary  flame,  thus  remov¬ 
ing  latent  heat  from  the  redrculation  zones 
and  cooling  the  region  agnificantly.  What  is 
interesting  in  the  case  of  water  injection  is  that 
when  operating  conditions  are  chosen  which 
produce  acoustic  oscillations  without  cavity 
injection  (either  chugging  or  high-frequency 
modes),  when  water  is  injected  there  is  no 
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appreciable  acoustic  output  at  all.  There  is  a 
removal  of  energy  from  the  system  by  the 
vaporization  in  addition  to  an  alteration  of  the 
phase  of  Ae  oscillations,  thus  damping  rather 
than  exciting  acoustic  oscillations.  In  addition, 
because  the  redrculation  regions  become  much 
cooler  with  water  injection,  it  becomes  much 
more  difiicult  to  achieve  flame  attachment  at 
the  dump  plane.  This  reduction  in  the  flame* 
holding  ability  of  the  combustor  is  also  seen 
with  acetonitrile  injection  at  the  higher  equiva¬ 
lence  ratios;  the  flame  appears  attached  to  the 
dump  plane  onfy  in  the  center  (spanwise)  re¬ 
gion  of  the  device. 

A  less  straightforward  result  is  the  observa¬ 
tion  that  for  low  core  equivalence  ratios 
(0.60-0.75),  the  chugging  mode  is  damped  i^ 
acetonitrile  injection  while  the  flames  api^r 
to  be  far  more  stable  than  without  injection. 
Qeariy,  under  these  lean  conditions,  there  is 
sufricient  m^gen  transported  into  the  recircu¬ 
lation  zones  to  accomplish  burning  of  acetoni¬ 
trile;  there  is  actually  a  visible  secondary  flame 
structure  present  in  the  zones.  Hence,  the  im¬ 
provement  in  waste  destruction  here  is  to  be 
expected.  The  fact  that  there  is  energy  release 
in  the  recirculation  zones  with  acetonitrile  in¬ 
jection,  however,  means  that  energy  is  being 
put  into  the  ^tem  and  that  the  zones  are 
becoming  much  hotter  than  cases  without  in¬ 
jection.  These  hotter  recirculation  zones  assist 
in  stabilizing  the  flames,  as  one  would  expect, 
but  the  additional  energy  input  does  not  ap¬ 
pear  to  enhance  acoustic  oscillations  in  the 
device  at  all.  It  appears  that  pulses  of  heat 
released  vortical  structures  at  the  dump 
plane  are  altered  in  phase  due  to  the  addition 
of  heat  in  the  recirculation  zones  such  that 
Rayleigh’s  criterion  is  no  longer  satisfled  and 
the  instability  is  not  sustained.  These  same 
condusions  hold  for  the  e)q}erimental  condi¬ 
tions  run  with  m^gen  enrichment  in  the  core 
flow  (filled  triangles.  Fig.  5)  and  a  secondary 
combustion  process  occurring  in  the  redrcula- 
tion  zones. 

CONCLUSIONS 

The  foregoing  comparison  of  gaseous  and  liq¬ 
uid  waste  surrogate  destruction  in  a  resonant 
dump  combustor  leads  to  the  following  conclu¬ 


sions.  First,  we  observe  a  strong  correlation 
between  the  fluid  mechanical  distortions  of  the 
premixed  flame  structures  and  the  destruction 
of  both  gaseous  and  liquid  waste  streams.  In 
both  cases,  when  the  flame  oscillates  (as  in  the 
chugging  mode  during  SF^  injection)  or  when  it 
is  detached  in  a  chaotic  fashion  (as  in  the  high 
core  equivalence  ratio  cases  with  acetonitrile 
injection),  the  DREs  are  poor.  Of  course,  in 
the  latter  case  the  poor  destruction  is  mostly 
an  outcome  of  the  reduced  o^gen  concentra¬ 
tions  in  the  redrculation  zones,  but  it  is  this 
reduced  concentration  that  causes  lower  tem¬ 
peratures  and  a  reduction  in  flame  stability. 
When  the  flames  are  stabilized,  as  in  the  quiet 
and  high-fr-equency  modes  for  SF^,  destruction 
or  the  lean  conditions  for  acetonitrile  destruc¬ 
tion,  the  DREs  are  good  to  excellent,  exceed¬ 
ing  RCRA  requirements  of  99.99%  destruc¬ 
tion.  In  the  case  of  SF^,  waste  is  destroyed  well 
if  there  are  high  temperatures  in  the  recircula¬ 
tion  cells  and  as  a  consequence  the  flame 
structures  are  stabilized  by  the  hot  zones.  In 
the  case  of  acetonitrile,  waste  is  destroyed  well 
if  there  are  high  concentrations  of  oxidizing 
radicals  in  the  redrculation  cells,  and  the  heat 
release  in  the  cells  subsequent  to  the  combus¬ 
tion  of  acetonitrile  allows  flame  stabilization  to 
be  maintained. 

The  contrast  between  destruction  of  gaseous 
and  liquid  wastes  in  a  pulse  combustion  sv'stem 
is  also  apparent  in  the  present  study.  The 
gaseous  waste  surrogate  used  here  does  not 
significantly  add  or  remove  energy  from  the 
^tem  such  that  the  acoustic  oscillations  are 
affected  or  the  stability  of  the  flame  is  influ¬ 
enced.  Although  other  gaseous  waste  streams 
could  produce  additional  heat  release  and 
higher  temperatures  in  the  redrculation  zones, 
the  only  effects  they  should  have  on  this  knd 
other  pulse  combustor  devices  is  to  improve 
flame  stability  (and  hence  improve  waste  de¬ 
struction)  while  possibly  damping  acoustic  os- 
dllations.  Thus,  flame  stability  and  ultimately, 
DREs  for  gaseous  waste  injection,  should  not 
worsen  when  the  combustor  is  operating  in  the 
quiet  or  high-frequency  modes. 

For  liquid  waste  injection,  we  have  seen  that 
the  vaporization  process  may  be  important  if 
the  waste  only  undergoes  pyrolysis  and  not 
combustion  in  the  cavity.  Heat  removal  may  be 
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significant  enough  to  cool  recirculation  regions 
in  the  cavity  and  cause  flame  detachment.  Un¬ 
der  these  conditions,  poor  DREs  result  both 
lErom  a  lack  of  excess  CHcygen  (and  hence  lack 
of  a  seoondaiy  combustion  process)  in  the  cav¬ 
ity  as  well  as  an  unstable  flame  structure.  As 
with  any  process  (gaseous  or  liquid)  in  which 
secondary  combustion  could  take  place  in  the 
recirculation  zones,  an  alteration  in  the  phase 
of  the  heat  release  at  the  dump  plane  may 
occur,  potentially  dampening  acoustical  oscilla¬ 
tions. 

While  early  studies  of  waste  destruction  in 
the  present  dump  combustor  configuration  in¬ 
dicated  a  strong  correlation,  almost  a  cause- 
and-eflect  relationship,  between  the  acoustic 
character  of  the  device  and  waste  destruction, 
the  present  studies  suggest  a  much  more  com¬ 
plex  process.  Under  most  conditions,  a  chug¬ 
ging  acoustic  mode  is  correlated  with  poor 
waste  destruction,  mainly  because  these  con¬ 
ditions  produce  strong  fluctuations  in  flame 
structure  and  recirculation  zone  stability.  Un¬ 
der  “quiet”  conditions,  waste  destruction  may 
be  veiy  good  (SFj,  Fig.  3)  or  relatively  poor 
(acetonitrile  in  the  absence  of  otygen  enrich¬ 
ment,  Fig.  5).  The  differences  in  DREs  be¬ 
tween  the  two  figures  have  mainly  to  do  with 
the  stability  of  the  primary  flames  and  the 
presence  of  hot  gases  in  the  recirculation  zones 
to  assist  with  flame  stabilization,  processes 
which  are  more  fluid  mechanical  than  acoustic 
in  nature.  Finally,  under  high-frequency  mode 
conditions,  we  observe  both  adequate  waste 
destruction  (SF^)  and  poor  waste  destruction 
(acetonitrile).  Again  the  differences  appear  to 
result  from  flame  stability  rather  than  acoustic 
effects. 

Based  on  the  present  e}q>eriments,  it  ap¬ 
pears  that  the  acoustic  signature  can  only  be 
an  indicator  of  resonant  incinerator  perfor¬ 
mance  when  accounting  for  the  diaracter  of 
the  primary  flame  structures.  Future  studies 
will  focus  on  active  control  of  the  device  as 
a  means  of  generating  acoustic  disturbances 


while  ,  keeping  the  flame  structure  stable  and 
allowing  proper  destruction  of  waste  to  occur. 

TMs  work  has  been  sponsc^ed  by  the  National 
Science  Foundation  under  Grant  CTS  90-21 021 
and  by  the  Office  of  Naval  Research  under  Grant 
N00014-93-H383. 
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EFFECTS  OF  EXTERNAL  ACOUSTIC  EXCITATION  ON  ENHANCED 
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The  research  described  here  focuses  on  the  enhancement  of  energy  transport  and  waste  surro{»at<* 
destnsction  in  an  acoustical^  resonant  dump  combustor.  ^MliIe  prior  studies  focused  on  flou’  field  inter¬ 
rogation  and  the  nature  of  waste  destruction  under  amditions  of  natural  acoustic  excitation,  the  present 
stud)’  focuses  on  the  devices  behavior  under  externally  forced  acoustkral  conditions.  External  forcing  was 
accomplished  here  using  a  loudspeaker  situated  in  the  plenum  section  of  the  device,  allowing  strong 
recitation  of  acoustic  resonances.  The  effect  of  this  extemi  forcing  on  waste  destruction  in  the  device  was 
found  to  be  significant.  Results  show  that,  for  specific  forcing  frequencies  (coincident  with  the  sv-stem 
natural  modes),  marked  improv'ement  in  destruction  and  removal  efficiencies  (DREs)  of  the  wuste  sur¬ 
rogate  SF<i,  by  four  orders  of  magnitude  and  perhaps  higher,  could  be  achieved.  Wlien  the  device  was 
forced  at  frequencies  other  than  natural  modes,  httle  improvement  over  the  nonforced  combustor  perfor¬ 
mance  was  achiev-ed.  External  forcing  at  ven^  high  frequenev*  natural  modes  vielded  some  impn>v  emeiit 
in  waste  destruction,  but  to  a  lesser  extent  than  at  lower  frequency  natural  modes.  OH  *  themiluminescencr 
images  indicated  that  the  enhancement  of  waste  destruction  at  certain  natural  modes  coincided  with  flame 
shortening  and  broadening,  likely  arising  due  to  vortex  shedding  during  the  acoustical  excitation.  Tins 
alteration  in  flame  structure  during  excitation  of  specific  natural  modes  a|^)eared  to  materialK  enhance 
energy  transport  to  the  regions  in  which  waste  was  injected,  as  evidenced  In-  reduced  flame  liftoff  under 
such  conditions.  These  observations  suggest  that  acoustically  resonant  combustor  c-onditions  can  render 
this  device  extremely  efficient  as  w’ell  as  highly  controllable. 


Introduction 

The  dump  combustor  is  a  device  that  has  been 
studied  extensively  ov»er  the  past  half  centurv*  be¬ 
cause  of  its  abilit}’  to  bum  fuel  and  contain  heat  in 
a  relatively  compact  configuration.  Acoustically 
driven  combustion  instabilities  are  known  to  occur 
in  such  devices  when  pressure  oscillations  and  pe¬ 
riodic  heat  release  associated  with  the  combustion 
are  in  phase  [1].  Transverse  acoustic  modes  are  as¬ 
sociated  with  periodic,  transversely’  alternating  vor¬ 
tices  shed  coincident  with  flame  structures,  the  so- 
caUed  screech  phenomenon  [2].  Longitudinal 
acoustic  modes  are  also  associated  with  vortex  shed¬ 
ding  in  such  combustors;  a  number  of  research 
groups  over  the  years  have  sou^t  to  control  such 
combustion  instabilities  through  9ie  use  of  externally 
applied  acoustical  forcing  [3-6].  Acoustically  excited 
combustion  processes  have  Jso  been  studied  in 
pulse  combustor  systems  [  10].  Local  extinction  by* 
name  stretch  is  observed  to  delay  i^ition;  later  re¬ 
laxation  of  strain  allow»s  thermal  ignition  to  take  place 
in  a  volumetric  fashion,  significantly’  increasing  heat 
and  mass  transfer  rates.  NumeTic**J  simulations  of 
acoustically  resonant  combustion  s)»stems  [10-12] 
have  indicated  the  importanc-e  of  periodic  vortex 


shedding  in  sustaining  the  acoustical  excitation 
[143]. 

Over  the  past  few  years,  our  re.search  lias  fiK  usecI 
on  the  development  and  investigation  of  a  small- 
scale,  nvo-dimensional  dump  combustor  (or  "reso¬ 
nant  inc-inerator”)  which  has  been  found  to  lx*  ca¬ 


pable  of  destroying  hazardous  waste  surrogates  to  a 
hi^  degree  [14-19].  The  acoustic  charac-ter  of  tlie 
incinerator  is  found  to  be  correlated  vvitli  ciitssical 
combustion  instabilities  according  to  the  Rayleigh 
CTiterion  [1,13]  in  which  enei^*  input  oevurs  nearly 
in  phase  with  pressure  oscillations  to  sust;iin  the 
acoustic  resonance.  The  degree  of  waste  surrogate 
destruction  in  the  devico  has  lieen  found  to  correlate 
somewhat  with  naturally  occurring  acou-stic  condi¬ 
tions  [154749],  Destniction  and  removal  efficien¬ 
cies  (DREs)  for  the  gasecHis  waste  surrogate  sulfur 
he^uoride  (SFft)  are  olisened  to  be  as  liigli  as 
99.999999%  (**8  nines’*)  under  quiet  conditions  and 
cKoasionalK’  under  acou.stic’allv  resonant  conditions 
[  19].  This  is  four  orders  of  magnitude  alxwe  tiu*  EPA 
requirement  of  99,99%  DRE  for  ha/iirdous  waste 
incinerators  [20].  Liquid  waste  sumigate  (acetoni¬ 
trile)  destruction  in  the  devitv.  in  cxnitrast.  is  not 
only  found  to  lie  less  denc^ndent  on  the  acoustic 
diaracter  of  the  devito,  but  is  aciually  found  to 
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Flc.  1.  Schematic  of  the  dump  combustor,  including  features  of  the  combustion  chamber  caxin  .  Dimensions  are  i:i\en 
in  millimeters. 


dampen  preexisting  natural  acoustic  modes  due  to 
the  neat  remov’al  process  associated  with  x’a^riza- 
tion  [19].  Nex^ertheless,  DREs  for  acetonitrile  can 
be  quite  high  (greater  than  6  nines,  the  detection 
limit  of  the  diagnostic  equipment)  if  sufficient  excess 
oxygen  is  available  for  combustion  of  the  waste  sur- 

ropte.  V  »  1  r 

The  present  oqieriments  focus  on  the  ability  of 

the  resonant  incinerator  to  destroy  waste  surrogates 
under  extemalh/  forced  (not  naturally  occurring) 
acoustical  conditions.  Based  on  prior  results,  it  may 
be  desirable  to  excite  acoustical  modes  in  the  de\ice 
in  order  to  improve  waste  destruction  withoiit  leav¬ 
ing  to  ^ter  the  equivalence  ratio,  cavih*  length,  Raw 
velocity,  or  other  parameters  necessaiy^  to  excite  nat¬ 
ural  modes.  The  present  work  also  seeks  to  under¬ 
stand  the  advantages  of  exciting  certain  acoustic 
modes  over  others  with  respect  to  w'aste  destruction 
and  energy  transport,  using  chemiluminescence  ini- 


aging  of  the  reaction  zone.  This  study  oi^ens  the  jws- 
sibilit}^  of  active  rather  than  passive  c-ontrol  oi  the 
resonant  incinerator,  that  is.  actively  forcing  the 
combustor  at  a  frecjuencv-  that  optimizes  waste  de¬ 
struction. 


Experimental  Apparatus  and  Procedure 

The  nvo-dimensiomd  dump  combustor  used  in  the 
present  experiments  is  shown  sciiematicjillv  in  Fig. 
1,  with  an  expandetl  view  of  flovv/reac-tion  proivssc*s 
in  the  combustion  vsnity.  Tlie  combustors  basic  fea¬ 
tures  have  been  descrifK*d  previously,  and  will  only 
lie  siiminarizetl  here.  Tlie  reader  is  referrinl  to  Reis. 
17  iuid  19  ibr  adilitioiiiil  details. 

Prtwxine  and  siir  at  nxun  temix^rature  w<*n‘  intro- 
ducocl  into  the  plenum  section  ol  the  combustor, 
then  were  mixed  and  iaxolerattnl  through  an  inlet 
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section  before  entering  the  combustion  cavity  at  a 
sudden  expansion  or  “dump  plane.**  Premixed  flames 
could  be  stabilized  due  to  tne  formation  of  high  tem¬ 
perature  recirculation  repons  downstream  of  the 
dump  plane  [21],  but  as  noted  abov-e,  Nortex  shed¬ 
ding  coincident  with  the  flames  could  occur  under 
conditions  of  natural  acoustic  excitation  [14-19]. 
The  spanwise  depth  of  the  inlet,  combustion  cavit); 
outlet,  and  exit  sections  (30.5  cm)  were  usually  suf¬ 
ficient  to  produce  a  \isuall)’  two-dimensional  flame 
over  the  entire  span,  although  under  certain  exper¬ 
imental  conditions  the  flow  in  the  cavitx'  became  tur¬ 
bulent  and  the  flame/flow  structures  became  three- 
dimensional.  The  inlet  width  in  the  present 
configuration  was  the  same  as  that  in  Ref.  19  (0.6 
cm),  as  compared  with  2.0  cm  in  the  device  de¬ 
scribed  in  Ref.  17.  This  narrowing  of  the  inlet  al¬ 
lowed  high-frequency  acoustic  moSss  to  be  natural!)' 
excited  with  greater  ease.  Quartz  window's  bounded 
each  end  of  the  system  in  the  spanwise  direction, 
allowing  appropriate  optical  access;  additional  quartz 
Nvindow’  slits  were  installed  in  the  side  w'alls  to  allow 
the  introduction  of  a  sheet  of  laser  light  for  optical 
diagnostics  [16]. 

A  set  of  mox'able  ceramic  plugs  defined  the  outlet 
section  of  this  combustor.  Waste  surrogate  w'as  in¬ 
troduced  through  injectors  embedded  in  these  plugs 
as  indicated  in  Fig.  1-  Injection  into  the  recirculation 
zones  allowed  wastes  to  be  trapped  for  relatively 
long  residence  times  under  high-temperature  con¬ 
ditions  so  that  they  could  be  destroj’ed  more  effi- 
cientk  Water-cooled  stainless  steel  injectors  were 
us^  to  introduce  gaseous  w»aste  surrogates  into  the 
ca\it>’  [15,17];  there  w'ere  forty  0.3-mm-diameter 
holes  in  the  spanwise  direction  ^ong  each  injector. 

Acoustic  data  w'ere  taken  using  pressure  transduc¬ 
ers  located  in  the  plenum  and  inlet.  In  recent  studies 
of  the  present  combustor  [19],  a  low'-frequenc\’ 
“chugging**  mode  (at  approximately  50  Hz)  npicall)* 
occurred  at  low'  equR'^ence  ratios  and  longer  com¬ 
bustion  cavity  lengths;  this  acoustic  mode  tended  to 
create  large  vortex  structures  at  the  dump  plane 
which  expanded  periodically  to  disturb  the  recircu¬ 
lation  zones,  hence  waste  destruction  under  these 
conditions  was  poor  [17,19].  Other  low-frequenc\’ 
oscillations  (--150  Hz)  tended  to  be  excited  under 
rich-burning  and  long  ca\it>'  conditions.  High  fre¬ 
quency  natural  modes  (-500-«0  Hz)  dominated  at 
Sorter  cavity  lengths  and  equh'alence  ratios  close  to 
unity;  these  concStions  could  yield  excellent  waste 
destruction  [19].  Another  diaracteristic  acoustic 
mode,  near  290  Hz  (close  to  the  250-Hz  hydrod)- 
namic  instability  mode  under  these  conditions),  a^ 
pear^  to  be  sensitive  to  plenum  conditions  only. 
These  higb-fiequency  modes  all  depended  on  the 
presence  of  a  standing  wave  in  the  system  and  were 
observed  from  shadow'graph  images  to  correspond 
to  flame  wrinkling  and  small-scale  periodic  vortex 
shedding  from  the  dump  plane.  An  acoustically 


“quiet”  mcxle  in  which  flames  and  rec-irculation  cx41s 
were  stabilized  and  no  significant  acoustic  output 
was  detected  occurred  for  a  variet\*  of  ca\it)  lengths 
and  equivalence  ratios,  and  also  wus  found  to  pro¬ 
duce  excellent  conditions  for  wuste  destruclion 
[15,17,19]. 

To  continue  to  cx’aluate  the  performance  of  this 
dump  combustor  as  an  incinerator,  the  waste  sur¬ 
rogate  SFfi  was  injected  in  the  present  study  in  the 
gaseous  phase  with  additional  nitrogen.  SFa  is  an 
extremely  refractor)'  compound,  which  shows  no  de¬ 
gradation  at  temperatures  below  lOOO^C  [22].  It  has 
been  ranked  as  one  of  the  twents*  RCRA  Appendix 
Mil  compounds  that  are  most  difficult  to  destroy. 
Thus,  SFfi  is  a  good  surrogate  for  stucKing  waste  de¬ 
struction  processes  that  max*  be  susceptible  to  ther¬ 
mal  bypassing.  Detection  of  w'aste  destruction  in  the 
present  device  was  made  using  a  gas  chrojnatograph 
equipped  with  an  electron  capture  detector  for  SFf, 
measurements  sensitise  to  £l  ppb,  \ielding  a  de¬ 
tection  limit  for  SFe  of  nearh*  8  nines. 

External  acoustic^  forcing  was  accomplished  in 
the  present  experiment  using  a  loudspeaker  situated 
at  the  bottom  of  the  plenum  section  of  the  de\*ic*e. 
Using  a  signal  generator,  it  w'as  possible  to  produc-e 
a  sine  wave  of  xaiying  frequency;  then  to  amplify  the 
signal  and  pass  it  to  the  spe^er.  This  enabled  a 
sweep  throu^  a  range  of  input  forcing  frequencies 
from  0  to  1000  Hz  to  be  performed,  with  forcing 
amplitude  variation  up  to  150  dB,  although  frequen¬ 
cies  below  200  Hz  w'ere  difficult  to  attain  consis¬ 
tent!)' with  the  present  speaker.  Thus,  it  became  pos¬ 
sible  to  force  the  loudspeaker  at  frequencies 
corresponding  to  the  natural  modes  of  the  derice  as 
w'ell  as  other  frequences,  and  to  determine  the  ef¬ 
fects  of  this  forcing  on  DREs. 

It  was  of  interest  to  determine  differences  in  flame 
characteristic's  within  the  combustor  under  different 
acoustical  forcing  conditions.  The  technique  of  OH* 
chemiluminescenc*e  was  used  here  in  order  to  image 
the  reaction  zone  in  a  time-dependent  manner,  OH* 
chemiluminescence  is  thought  [23]  to  result  from 
the  radiatix-e  decav  of  electronic*aII\*  excited  radicals 
produced  within  tbe  reaction  zone  bx’  the  reaction 


CH  +  O2  CO  +  OH* 

The  chemiluminesc'ence  image  thus  depic'ts  the 
heart  of  the  reaction  zone,  the  onh*  re^on  xxith 
significant  conc'entrations  of  CH.  Persistenc*e  of  spe¬ 
cies  is  not  a  problem  here  (as  compared  with  OH 
planar  laser-induced  fluorescence  imaging)  lx^*ause 
CH  is  destro\*ed  In*  rapid  bimolecnilar  reactions,  not 
the  much  slower  tennoleailar  pnKesses  that  domi¬ 
nate  OH  remoxal  in  the  postflame  region.  Tliere- 
fore,  one  max'  expect  to  obtain  a  xxell-<lefined  image* 
of  the  flame  zone,  lx)th  spiitially  and  temm)rallx  .  For 
most  conditions  exploretl  here,  the  txxxMiimensional 
nature  of  the  flow  stnuiures  rendered  Oil* 
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Fig.  2.  (a)  Destruction  and  removal  efficiencies  (DREs) 
of  SFe  in  the  resonant  incinerator  as  a  function  of  com¬ 
bustor  caxit)'  length  for  inlet  velocities  V  ••  4.7  m/s  and  for 
various  equivalence  ratios.  Acoustic  resonance  occurs  only 
at  the  highest  equix’alence  ratio  »  1.08)  for  caviri* 
lengths  below  11  cm.  (b)  Destruction  and  remo\-al  effi¬ 
ciencies  (DREs)  of  SFe  in  the  resonant  incinerator  as  a 
function  of  equi\*alence  ratio  for  a  ca\ity  length  t  »  10.2 
cm  and  x-arious  inlet  xelocities-  Acoustic  resonances  occur 
at  the  equivalence  ratios  above  1. 

chemiluminescence  images  reasonably  clear  depic¬ 
tions  of  2-D  flame  oscillations. 

The  OH*  chemiluminescence  measurements 
were  made  with  a  subset  of  the  equipment  used  for 
PLIF  imaging,  described  in  Refs.  16  and  19.  An  in¬ 
tensified  CCD  camera  was  synchronized  to  the  pres¬ 
sure  oscillations  detected  in  the  inlet  to  be  able  to 
capture  variations  in  OH*  chemiluminescence 
within  the  combustion  cavity  oxer  a  period  of  oscil¬ 
lation.  TTie  integration  time  of  the  image  intensifier 
was  250  fis,  long  enough  to  provide  adequate  signal- 
to-noise,  but  short  with  respect  to  the  period  of  ex^en 
the  highest  frequency'  modes  observed.  A  l)aiidpass 
filter  centered  around  312  nm  was  used  in  an  at¬ 
tempt  to  isolate  fluorescence  from  the  A-  77(l-  *  0) 
A-2’(c  —  0)  states  of  OH. 


Fwctag  frtqocacy  (Hz) 


FiC.  3.  Destruction  and  remoxal  efficiencies  i DREs)  of 
SFfi  in  the  resonant  incinerator  during  externally  forced 
acoustical  excitation  for  equixalence  ratios  of  0.72  (circles). 
0.83  (filled  squares),  and  1,08  (triangles  >.  For  no  external 
forcing  (zero  frequency),  the  only  naturally  resonant  con¬ 
dition  is  for  ^  »  1.08. 

Results  and  Discussion 

Recent  results  for  the  destruction  of  SF^  in  the 
resonant  incinerator  without  external  forcing  are 
shown  in  Fig.  2a,b.  DREs,  given  in  numl^ers  of 
nines,  x'aried  xxith  the  length  of  the  combustion  cav¬ 
ity’  (Fig.  2a)  and  xxith  the  equivalence  ratio  <b  of  the 
core  flow  (Fig.  2b).  SFg  destruction  or  pyrolysis,  and 
hence  the  stability*  and  local  temperature  of  the  re¬ 
circulation  regions,  became  quite  high,  increiisingbx 
four  or  more  orders  of  magnitude.  a.s  the  length  of 
the  combustor  cavity  was  reduced  or  the  equivalenc-e 
ratio  xx’as  increased.  It  is  important  to  note  that  in 
Fig.  2a  the  combustor  was  not  operating  in  an  ac-ous- 
tically  excited  mode  except  when  <f>  =  l.OS  at  slu)rt 
cavitx*  lengths,  while  in  Fig.  2b  the  combustor  op¬ 
erate  in  an  acoustically  resonant  liigh  frequency’ 
mode  xxhen  ^xvas  near  unity.  .As  seen  !>efore  [19]. 
x’eiy  high  DREs,  nearly  to  S  nines  (the  deteciion 
limit  of  the  GO.  were  attiiined  under  (juiet  or  cer¬ 
tain  acoustically  resonant  conditions  that  were  inatle 
to  occur  naturally. 

E.vtemal  acoustic*aI  forcing  was  applied  via  the 
loudspeaker  in  the  plenum  to  produc’e  o.scillations  at 
natural  as  well  as  other  frequencies.  Fipire  3  shows 
the  effects  of  forcing  at  variou.s  frecjuencies  on  DREs 
for  the  combustor,  for  several  dilTerent  ojx*rating 
conditions.  For  lower  equixideiuv  ratio  conditions 
which  producted  poor  DREs  when  the  coiulnistor 
w’as  naturally  quiet  *  0.72.  tlie  circles',  externa! 
forcing  did  little  to  significantly  increase  DREs.  Un¬ 
der  c*ertain  naturally  resonant  conditicms  tliat  pnv 
duc’ed  higli  DREs  without  external  forcing  v<fr  = 
1.08.  the  triangles),  forcing  fnnn  the  loudsjx^akerdid 
reliitively  little  to  impnwe  tlie  destniction.  altlunigh 
the  DREs  measured  (exceeding  8  nines)  were  at  tlu* 
detection  limit  of  the  GC  and  actually  ctnild  1h*  inncii 
higher  than  shown  with  external  forcing.  When 
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ing  extemall}*  forced  acoustica]  excitation  for  the  case 
w^iere  equivalence  ratio  ^  **  0.83.  Companson  is  made 
with  characteristic  function  of  the  sj’stem  (sho\\'n  in  the 
upper  plot),  computed  from  the  1-D  model  described  in 
Refs.  14, 18;  system  zeroes  correspond  to  natural  modes. 

external  forcing  was  applied  under  conditions  asso¬ 
ciate  with  an  intermediate  ^  and  no  natural  exci¬ 
tation  .=  0.83,  die  filled  squares),  it  w'as  seen  that 
certain  forcing  frequencies  significantly  increased 
DREs,  by  four  orders  of  magnitude  or  more,  com¬ 
pared  ^^dth  conditions  wtliout  external  forcing. 
DREs  were  also  found  to  increase  monotonically 
wth  forcing  amplitude  at  these  optimal  frequencies. 
It  is  of  interest  to  understand  precise!)’  why  such  a 
profound  increase  in  waste  destruction  can  occur  at 
these  specific  frequencies,  that  is,  to  understand 
wdiat  material  changes  occur  in  the  reaction  pro¬ 
cesses  to  cause  such  an  augmentation. 

This  question  was  answered  in  part  b>'  examining 
in  greater  detail  the  changes  in  DREs  with  fre- 
quSicy  for  the  0.83  case;  this  is  shown  in  the 
tower  part  of  Fig.  4,  Clear!);  at  specific  frequencies 
(roughly  D  300  Hz,  500-600  Hz,  800  Hz),  signifi¬ 
cant  augmentation  in  incinerator  performance  could 
be  achieved.  \AiIe  betviwn  these  modes,  perfor¬ 
mance  returned  nearly  to  the  unforced  behavior. 
The  forcing  frequencies  that  claused  this  aumnenta- 
tion  were  close  to  the  natural  acoustic  modes  that. 


theoretically,  could  occur  under  the  given  operating 
conditions.  This  is  demonstrated  in  the  upper  p<)r- 
tion  of  Fig.  4  in  the  plot  of  the  characteristic  function 
of  Ae  system  as  a  tunction  of  frequency,  computed 
from  a  one-dimensional  acoustic  model  as  described 
in  Refs.  14  and  18.  The  model  represents  thev'arious 
elements  of  the  incinerator  (plenum,  inlet.  ca\it), 
etc.)  as  separate  components  of  an  ac-oustical  s]^tem, 
and  represents  the  oscillator)*  heat  release  initiated 
by  vortex  shedding  in  the  combustion  cavit\*  as  a  si¬ 
nusoidal  vdume  source.  The  zeroes  of  Ae  acoustical 
system's  characteristic  function  in  general  corre¬ 
spond  to  system  resonant  modes  or  eigenvalues.  It 
is  dear  from  this  comparison,  howev’er,  that  certain 
natural  modes  (D  ••  295  Hz,  560  Hz)  were  superior 
to  oAers  (C  830  Hz)  in  terms  of  their  efiect  on 
combustor  performance.  It  is  interesting  to  note  tliat 
Aere  were  actually  two  natural  modes  that  oc-curred 
between  500  and  "600  Hz;  Ae.se  apparently  caused 
Ae  very*  broad  peak  in  Ae  DREs  in  this  frequency 
range.  If  Ae  detection  limit  of  our  GC  were  higher 
Aan  8  nines,  it  is  likel)*  Aat  nvo  peaks  in  DREs 
would  be  observed  in  tms  range. 

OH*  chemiluminescence  images,  which  indicate 
Ae  oscillatory*  beha\ior  of  Ae  flame/reaction  zone, 
supplied  fuTtiier  mformation  with  respect  to  the  ad¬ 
vantages  of  forcing  at  specific  frequencies.  Fig.  5 
show’s  Ae  Afferences  in  OH*  chemiluminescence 
in  Ae  combustion  cavit)*  for  a  number  of  different 
cases  explored,  with  consistent!)*  normalized  chem¬ 
iluminescence  intensities.  Figure  5a  shows  a  tem¬ 
porally  axoraged  OH*  chemiluminescence  image  for 
Ae  case  wiAout  external  forcing,  while  Fig.  5l>-e 
show’s  instantaneous  chemiluminesc*ence  images  for 
Ae  cases  with  external  forcing  at  increasing  fre¬ 
quencies  for  similar  positions  within  the  acoustic  cy  - 
de.  The  flame  structure  in  the  absence  of  acoustical 
excitation  (Fig.  5a)  appeared  elongated  and  was  sta¬ 
bilized  fairh*  close!)'  to  the  dump  plane,  yet  it  ap¬ 
peared  much  more  Affuse  and  in  fact  more  three- 
Amensional  (xisually)  than  the  acoustic'ally  resonant 
flames.  External  foaing  at  the  natural  frequencies 
producing  higji  DREs  (D  =  295  Hz  and  56()  Hz) 
sbcnved  flame  structures  that  were  significant!)  more 
compact  and  xisibK*  more  ti\x>-dimensional  (Fig.  5!) 
and  d,  respecth*eK’),  xxith  some  degree  of  lifting  at 
Ae  dump  plane,  tliese  flames  appeared  to  l>e  more 
coherent  compared  with  those  in  the  unforced  Vi\se: 
some  flame  broadening  w-as  observed,  like!)'  due  to 
the  deformation  of  the  flames  In*  small-scale  x'ortices, 
as  exidenced  in  OH  PLIF  images  [16].  External 
forcing  at  a  nonnatural  frequency  {Q  =  430  Hz.  Fig. 
5c)  produced  flame  $truc*tures  tliat  apinnired  tlunner 
Aan  those  forced  at  natural  motles:  the.se  in  faci 
w’ere  xisualK’  more  similar  to  the  unforctnl  case  (Fig. 
5a),  alAougl)  Ae  flame  xvas  much  more  lifted  in  the 
OH*  images  and  periodkxdly  jumptnl  to  xerx  high 
positions  xxithin  Ae  c*axit)’.  Excitation  at  a  liigh-lre- 
qiiency  natural  mode  (Q  «  tS30  Hz,  Fig.  oe) 


FiC.  5.  OH*  diemiluminescence  ima^  of  the  combusHon  cavit>-  for  an  equhalenee  ratio  4>  =  «-W.  Higliest  diem- 
iluminescence  intensity  is  indicated  by  red;  lowest  In’  blue.  Cases  shtn™  are  for  conditions  of  (a)  no  external  forcing,  ib^ 
external  forcing  at  295  Hz  (a  natural  mode),  (c)  external  forcing  at  430  Hz,  (d)  external  forcing  at  .360  Hz  la  natiinJ 
mode),  and  (e)  external  forcing  at  830  Hz  (a  natural  mode). 


FiC.  6.  OH*  chemiluminescence  images  of  the  combustion  cavity  for  external  forcing  at  295  Hz.  Highwt  chemilu¬ 
minescence  intensity  is  indicated  b>’  red;  lowest  b>'  blue.  Cases  shown  are  for  emmaleiice  ratios  ta)  <b  =  0.72.  tb' d.  - 
0.92.  and  (c)  *  108. 


similarly  produced  a  thinner  and  much  more  highh’  suggested  ha-  rec-ent  temperature  meastire- 

bfted  flame  structure  than  seen  in  Fig.  5b  or  d.  ments  in  the  resonant  indnerator  [26].  The  lessenetl 
It  was  first  recogniz^  by  Marble  and  Adamson  broadening  of  the  flame  in  Fig.  ^  as  compare  with 
[24]  that  Ae  flame  liftoff  distance  from  a  bluff-body  the  other  natural  modes  (Fig.  5b.d)  also  indicated 
flameholder  increases  with  decreasing  rec-irculation  that  the  flame  laid  tnnible  kwping  up  with  oscilla- 
zone  temperature.  The  present  observations  of  lift-  tions  tliat  twctir  at  .such  a  hi«pi  frequency,  as  sug- 
off  suffiert  that  the  temperatures  within  the  recir-  gested  Irc  Egolfopwlos  [23]. 
culatiOT  zones  for  the  cases  in  Fig.  5c.e  c-ould  he  If  there  wus  not  sufficient  dtemic-al  energv  input 
much  lower  than  in  Fig.  5b,d.  These  temperature  to  tlie  svstem  during  the  reac-Hon  prtx-ess.  :Knustic 
diflferenc-es  could  explain  the  enhancement  of  SF*  excitation,  even  at  naturally  resoiwnt Jreiiuencies 
destruction  in  the  latter  two  cases  where  high  tern-  did  not  materially  affect  txnubiistor  perionnaii«*.  as 
peratures  are  requir^  for  acceptable  waste  destruc-  indicated  liy  the  =  b-<2  cast*  in  Fig.  3.  Tliese 
tion  rates.  The  increased  recirculation  zone  tt*mper-  difft*renc’es  in  glolrnl  enerj^’  input  were  Uinie  out 
atures  under  qitimal  acoustic  excitation  were  also  iuthe  OH*  chemihimiiu*scvn«>  images  sIhami  m 
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frequency  (Hz) 


Flc.  7.  The  symbols  represent  hot-wire  measurements 
of  velocit)’  fluctuations  at  the  dump  plane  for  cold  flow 
conditions  as  a  function  of  forcing  frequency;  comparison 
is  made  with  1*D  model  predictions  velocity'  perturba¬ 
tions  at  the  dump  plane  [14J8]  under  cold  conditions. 

Fig.  for  fixed  external  forcing  at  295  Hz  (at  or 
near  a  natural  resonance)  with  increasing  values  of 
4>.  As  equivalence  ratio  was  successively  increased  in 
Fig.  6a-c  (see  also  Figure  5b,  the  case  wiiere  ^  = 
0.83),  the  flame  became  less  and  less  lifted.  The  case 
wiiere  =  1.08  (Fig,  6c)  appeared  to  ha\e  the  most 
coherent  2-D  flame  structure,  the  highest  relative 
concentration  of  OH*  in  the  flame  zone,  and  likely 
had  die  most  efficient  energy  transport  to  the  recir¬ 
culation  zones,  although  the  detection  limit  of  the 
GC  restricted  the  extent  to  \\4iich  this  transport 
could  be  completely  Quantified.  The  moderate 
equKalence  ratio  cases,  however  (^  «  0.83  and  4> 
=  0.92  in  Figs.  5b  and  6b,  respectively),  appeared 
to  have  enough  enhancement  of  energy*  transport 
from  the  flame  zone  due  to  acoustic  excitation  to 
produce  the  same  high  DREs.  From  the  point  of 
view  of  combustor  performance,  then,  acoustic  ex¬ 
citation  could  perform  a  similar  function  to  increas¬ 
ing  equivalence  ratio  by  providing  a  greater  rate  of 
energy*  transport  to  optimal  locations. 

Tlie  nature  of  flame  liftoff  may  be  studied  further 
hy  measuring  velocity  fluctuations  at  the  dump  plane 
using  a  hot-wire  anemometer  under  different  acous¬ 
tic  forcing  conditions  for  cold  flow  conditions.  The 
experimental  results  are  shown  as  the  symbols  in 
Fig.  7.  Calculations  of  the  velocity*  perturbation  at 
the  dump  plane  are  also  shown  in  the  figure;  these 
were  made  using  a  one-dimensional  model  with  vol¬ 
umetric  forcing  downstream  of  the  dump  plane  to 
represent  energy  addition  via  forcing  [18].  Scaling 
between  experimental  and  theoretical  results  was 
achieved  by  matching  the  velocity  fluctuations  at  a 
single  frequency  (295  Hz).  The  experimental  peaks 
in  velocity*  fluctuations  at  the  dump  plane  occurred 
at  the  natural  frequencies  that  pr^uced  the  neaks 
in  DREs;  forcing  off-resonance  or  at  a  very  high  fre¬ 
quency  mode  (-•830  Hz)  yielded  relathely*  small  ve¬ 
locity  perturbations.  The  model  showed  similar  Ire- 


havior,  consistent  with  the  presence  of  a  standing 
wave  in  the  ^em  under  resonant  conditions.  These 
observations"  suggest  that  high-amplitude  velocity 
fluctuations  were  associated  with  the  flame  instabil¬ 
ity  ffiat  broadens  the  flame  zone  while  enhancing 
energy  transport  to  and  temperatures  within  the  re¬ 
drafting  regions. 

Conchiding  Remarks 

This  study  demonstrates  that  externally*  forced  as 
weU  as  naturally  occurring  actnistical  oscillations  can 
have  a  dramatic  effect  on  the  present  combustor 
when  operating  as  an  incinerator.  DREs  for  a  tem¬ 
perature-sensitive  waste  surrogate  (SF^)  were  found 
to  increase  hy  four  orden  of  magnitude  (perhaps 
more)  when  acoustical  forcing  was  imposed  at  sy*s- 
tem  characteristic  frequencies,  as  long  as  there  w*as 
enough  global  eneiw  available  in  the  chemical  re¬ 
action,  that  is,  a  hi^  enough  equivalence  ratio  for 
the  reaction.  With  external  fordng  at  natural  modes 
of  the  ^em,  flame  structures  were  made  more 
compact  and  broadened,  likely  due  to  vortex  shed¬ 
ding  which  materially  enhanc^  the  transport  of  en¬ 
ergy*  to  the  recirculation  zones  where  w*aste  destruc¬ 
tion  occurred.  Flame  liftoff  characteristics  as 
evidenced  by  OH*  chemiluminescence  images  w  ere 
consistent  with  higher  redrculation  zone  tempera¬ 
tures  during  external  fordng  at  desirable  natural 
modes.  Forcing  at  natural  modes  appeared  also  to 
significantly*  increase  velodty*  fluctuations  at  the 
dump  plane  for  the  geometry*  studied. 

>\’hife  the  present  studies  reinforce  the  desirability 
of  acousticafiy  resonant  combustion  for  enhanced 
energy*  transport  [8,9],  there  is  new  exidence  here 
for  the  desirability*  of  specific  natural  acoustic  mode 
exdtation  o\*er  other  modes.  Acoustic  excitation  at 
spedfic  natural  modes  can  be  dewed  as  performing 
a  similar  function  to  increasing  equix-alente  ratio  by 
providing  a  greater  rate  of  energy*  transport  to  opti¬ 
mal  locations  into  which  w’aste  is  injected.  This  can 
have  important  implications  for  practical  u.se  of  this 
device  in  that  one  can  achieve  excellent  indnerator 
performance  even  with  reduced  flow  rates  of  auxil¬ 
iary  (core)  fuel,  as  long  as  ^propriate  acoustic  ex¬ 
dtation  is  maintained. 

The  study  also  suggests  the  possibility  of  actixely 
controlling  the  behador  of  a  resonant  combustor  for 
indneration  supplications;  this  could  be  piirticularly 
useful  in  ensuring  recovery  from  indnerator  upset 
conditions,  for  example,  that  tould  occur  due  to  sud¬ 
den  changes  in  w’aste  characteristic’s.  It  is  hojx*d  that 
future  studies  in  this  device  will  explore  in  more  de¬ 
tail  the  ability*  of  the  external  fordng  to  ac*tivt*ly  cxrn- 
trol  waste  destruction. 
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COMMENTS 


Bo  Leckner,  Chalmers  University  of  Technology,  Swe¬ 
den.  You  have  presented  results  from  a  research  reactor  of 
small  size.  Can  you  scale  up  vour  results  to  a  unit  of  larger 
size? 

Author*s  Reply.  We  hav^e  pointed  out  previously  [14-19] 
that  the  most  logical  applic*ation  of  the  technolo^*  de¬ 
scribed  here  is  for  incineration  on  the  site  of  small  \va.ste 
generators.  We  actualh’  have  investigated  reactors  of  two 
sizes.  The  results  reported  here  were  obtained  in  a  devite 
four  times  larger  th^  that  used  in  our  original  investiga¬ 
tions  [14-15].  Althou^  the  firing  rates  reported  here  are 
aD  arxiund  30  kW^  due  to  the  capacitv’  of  the  laboratorv- 
compressed  air  suppK*.  experiments  with  the  smaller  device 
suggest  that  firing  rates  in  excess  of  80  kW*  should  lx* 
achievable.  For  a  tvpkral  organic  waste  with  higli  Ireating 
value  (e.g.,  benzene),  this  conre^mds  to  a  feed  rate  of 
appniximatelv'  2  gal/hr.  Thus,  in  terms  of  firing  rate,  a  large 
d^ee  of  sede-up  mav*  not  be  neces.sai>’  for  .some  appli- 
•  cations. 


The  principal  difficultv*  with  siinpK  enlarging  the  device 
geometricalK’  is  that  it  becomes  increasingK*  difficnlt  to 
prevent  bifurcation  of  the  recirculation  cell  within  tlie  rav- 
itv;  especialh*  at  hi^  wuste  injection  rates.  Wliere  difflc*ult- 
to-destrov;  knv  heating  value  wastes  are  cx)ncerned  iSF^ 
lieing  an  extreme  example),  it  is  hi^ily  de.sirahle  to  maxi¬ 
mize  tlie  reskleiKe  time  bv’  stabilizing  a  single,  large  recir¬ 
culation  cell.  At  tire  present  scale,  tliis  limits  tlie  cavitv  as¬ 
pect  ratio  to  no  more  tluui  two  juid  the  waste  mass  flowrate 
to  less  than  llKt  of  the  cure  mass  flvAvrate.  Hert*  otir  pres¬ 
ent  two-dimensioiial  device  would  liest  1h‘  .sc-tiieil  up  by 
increasing  tlie  spaiiwlse  dimension,  e.g.  the  depth. 

In  otlier  appikatkms  involving  reaclilv’  Inmiable  wastes. 
adet|uate  mixing  lietvveeii  the  fuel-lean  core  flewv  and  tlu* 
ridi  recirciiLitkni  region  is  mon*  important  than  residimce 
time  distrihiitkm.  lieie  the  DRE  is  o|>tinn/«*tl  at  asjx^ci 
latkis  aixAe  tvvxi.  vvliere  the  interiacial  ana  lH»tvvet»n  the 
two  regions  is  larger,  and  w  e  fim!  that  the  c*;ipacitv  at  fixed 
DRE  can  lx*  iixTeased  simpK  Iw  increasing  the  asjx*c1  ra¬ 
tio. 
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EMISSIONS  REDUCTION  AND 
PYROLYSIS  GAS  DESTRUCTION  . 

IN  AN  ACOUSTICALLY  DRIVEN  DUMP  COMBUSTOR 

G.  Pont,  C.  P.  Cadou,  A.  R.  Karagozian,  and  0. 1.  Smith 
Mechanical  and  Aerospace  Engineering  Department 
University  of  California,  Los  Angeles 


1  Abstract 

The  research  described  here  focuses  on  the  enhancement  of  hazardous  waste  and  pyrol¬ 
ysis  gas  surrogate  destruction  and  the  reduction  in  nitric  oxide  and  unburned  hydrocarbon 
emissions  in  an  acoustically  resonant  dump  combustor.  While  several  prior  studies  have 
focused  on  flowfield  interrogation  and  hazardous  waste  surrogate  destruction  under  condi¬ 
tions  of  natural  acoustic  excitation,  the  present  study  focuses  on  the  device’s  behavior  under 
externally  forced  acoustic  excitation.  The  effect  of  this  external  forcing  on  hazardous  waste 
surrogate  destruction  in  the  device  was  recently  found  to  be  significant,  yielding  destruction 
rates  for  the  surrogate  SFe  that  increased  by  as  much  as  four  orders  of  magnitude  with 
acoustic  forcing  at  specific  resonant  modes[l].  The  present  study  also  indicates  a  significant 
improvement  in  performance  with  external  forcing  at  the  same  acoustic  modes  as  those  ex¬ 
plored  earlier.  Emissions  of  NO  are  seen  to  decrease  by  nearly  60%,  unbumed  hydrocarbons 
are  seen  to  drop  by  over  two  orders  of  magnitude,  and  waste  and  pyrolysis  gas  surrogate 
destruction  is  seen  to  increase  by  nearly  three  orders  of  magnitude,  all  with  external  forc¬ 
ing  at  a  specific  acoustic  mode  of  the  device.  The  present  observations  further  support  the 
idea  that  acoustically  resonant  conditions  can  render  the  dump  combustor  device  extremely 
efficient  as  well  as  highly  controllable  as  a  small  scale  thermal  treatment  system. 

2  Introduction 

Dump  combustors  have  been  studied  extensively  because  of  their  ability  to  burn  fuel 
and  contain  heat  in  a  relatively  compact  configuration.  Acoustically  driven  combustion 
instabilities  are  known  to  occur  in  such  devices  when  pressure  oscillations  and  periodic  heat 
release  associated  with  the  combustion  are  in  phase[2-4].  Acoustically  excited  combustion 
processes  are  also  generated  in  pulse  combustor  systems[5-8].  Local  extinction  by  fiame 
stretch  is  observed  to  delay  ignition;  later  relaxation  of  strain  allows  thermal  ignition  to 
take  place  in  a  volumetric  fashion,  significantly  increasing  heat  and  mass  transfer  rates. 
Emissions  of  NOx  are  also  seen  to  drop  during  optimzd  pulse  combustion  performance[7,9]; 
this  is  largely  attributed  to  short  gas  residence  times  at  high  temperatures  caused  by  rapid 
mixing  with  cooler  residual  gases. 
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Over  the  past  few  years  our  research  has  focused  on  the  development  and  investigation 
of  a  small  scale,  two-dimensional  dump  combustor  which  has  been  found  to  be  capable  of 
destroying  hazardous  waste  surrogates  to  a  high  degree[10-15].  The  degree  of  waste  surro¬ 
gate  destruction  in  the  device  has  been  found  to  correlate  with  naturally  occurring  acoustic 
conditionsfll,  13, 15].  Destruction  and  removal  efficiencies  or  DREs  for  the  temperature- 
sensitive  waste  surrogate  sulfur  hexafluoride  (SFc),  for  example,  are  observed  to  be  as  high 
as  99.999999%  (“8  nines”)  under  quiet  conditions  and  occasionally  under  acoustically  reso¬ 
nant  conditions[15].  The  DRE  is  defined  as 

DRE  -  ~  (1) 

min 

where  ihin  and  rhout  are  the  mass  flow  rates  of  the  principal  organic  hazardous  constituent 
entering  and  leaving  the  system,  respectively.  SF^  destruction  of  eight  nines  is  four  orders  of 
magnitude  above  the  ERA  requirement  of  99.99%  DRE  for  hazardous  waste  incinerators[16]. 

More  recent  experiments  have  focused  on  the  ability  of  the  resonant  combustor  to  de¬ 
stroy  waste  surrogates  under  externally  forced  acoustical  conditions  using  a  loud  speaker [1]. 
DREs  for  SFq  under  fixed  flow  conditions  are  found  to  increase  by  four  orders  of  magnitude 
or  more,  to  8  nines  DRE,  when  acoustical  forcing  is  imposed  at  system  characteristic  fre¬ 
quencies  of  295  and  550-600  Hz.  With  external  forcing  at  these  natural  modes  of  the  system, 
OH*  chemiluminescence  images  indicate  that  periodically  excited  flame  structures  become 
more  compact  and  somewhat  broadened,  likely  due  to  flame  deformation  by  vortex  shedding 
from  the  entrance  to  the  combustion  cavity.  In  addition,  average  flame  liftoff  distances  ap¬ 
pear  to  decrease  with  external  acoustical  forcing  at  desirable  modes,  suggesting  that  higher 
recirculation  zone  temperatures  may  be  associated  with  on-resonance  forcing. 

The  purpose  of  the  present  study  is  to  further  quantify  and  understand  the  benefits  of  ex¬ 
ternal  acoustical  excitation  on  dump  combustor  performance  for  an  incinerator/afterburner 
application.  Two  additional  surrogate  species  were  examined  here,  methyl  diloride  {CH3CI) 
and  a  mixture  of  ethylene  (C2H4),  benzene  (Ce^fe)?  ^■^d  nitrogen  (A/j),  each  of  which  has 
different  destruction  characteristics  from  surrogates  previously  examined.  Nitric  oxide  (NO) 
and  unburned  hydrocarbon  (HC)  emissions  were  also  measured  under  resonant  and  non¬ 
resonant  operating  conditions.  In  order  to  understand  and  further  quantify  transport  pro¬ 
cesses  associated  with  acoustical  excitation,  thermocouple  measurements  were  made  in  the 
present  study  to  examine  the  temperature  distributions  within  the  flowfield. 


3  Experimental  Apparatus  and  Procedure 

The  two-dimensional  dump  combustor  used  in  the  present  experiments  is  shown  schemat¬ 
ically  in  Figure  1,  with  an  expanded  view  of  flow/reaction  processes  in  the  combustion  cavity. 
The  combustor’s  basic  features  have  been  described  previously,  and  will  only  be  summarized 
here.  The  reader  is  referred  to  [13, 15]  for  additional  details. 

In  general  in  these  dump  combustor  experiments,  propane  {CzHs)  and  air  at  room  tem¬ 
perature  were  introduced  into  the  plenum/mixing  section  of  the  combustor,  then  were  ac- 
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celerated  through  an  inlet  section  before  entering  the  combustion  cavity  at  the  sudden  ex¬ 
pansion  or  “dump  plane” .  Premixed  flames  can  be  stabilized  due  to  the  formation  of  high 
temperature  recirculation  regions  downstream  of  the  dump  plane[17],  but  as  noted  above, 
vortex  shedding  coincident  with  the  flames  may  occur  under  conditions  of  natural  acous¬ 
tic  excitation[10-15].  The  spanwise  depth  of  the  inlet,  combustion  cavity,  outlet  and  exit 
sections  (30.5  cm)  was  usually  sufficient  to  produce  a  visually  two-dimensional  flame  over 
the  entire  span,  although  under  certain  experimental  conditions  the  flow  in  the  cavity  be¬ 
came  turbulent  and  the  flame/flow  structures  became  three-dimensional.  Quartz  windows 
bounded  each  end  of  the  system  in  the  spanwise  direction,  allowing  appropriate  optical  ac¬ 
cess;  additional  quartz  window  slits  were  installed  in  the  side  walls  to  allow  the  introduction 
of  a  sheet  of  laser  light  for  optical  diagnostics[12]. 

A  set  of  movable  ceramic  plugs  deflned  the  outlet  section  of  this  combustor.  Waste  or  py¬ 
rolysis  gas  surrogate  was  introduced  through  injectors  embedded  in  these  plugs  as  indicated 
in  Fig.  1.  Injection  into  the  recirculation  zones  allowed  waste  surrogates  to  be  trapped  for 
relatively  long  residence  times  under  potentially  high  temperature  and/ or  relatively  oxygen 
rich  conditions  so  that  they  could  be  destroyed  more  efficiently.  For  the  pyrolysis  gas  exper¬ 
iments  described  below,  no  auxiliary  fuel  was  required  in  the  inlet  and  only  air  was  injected 
into  the  plenum.  Water-cooled  stainless  steel  injectors  were  used  in  all  cases  here  to  intro¬ 
duce  gaseous  surrogates  into  the  cavity[ll,  13];  there  were  40  0.3  mm  diameter  holes  in  the 
spanwise  direction  along  each  injector.  Acoustic  data  were  taken  using  pressure  transducers 
located  in  the  plenum  and  inlet. 

External  acoustical  forcing  was  accomplished  in  the  present  experiment  using  a  loud¬ 
speaker  situated  at  the  bottom  of  the  plenum  section  of  the  device.  Using  a  signal  generator 
it  was  possible  to  produce  a  sine  wave  of  varying  frequency,  then  to  amplify  the  signal  and 
pass  it  to  the  speaker.  This  enabled  a  sweep  through  a  range  of  input  forcing  frequencies 
from  0  to  1000  Hz  to  be  performed,  with  forcing  amplitude  variation  up  to  150  dB,  although 
frequencies  below  200  Hz  were  difficult  to  attain  consistently  with  the  present  speaker.  Thus 
it  became  possible  to  force  the  loudspeaker  at  frequencies  corresponding  to  the  natural  (“res¬ 
onant”)  modes  of  the  device  as  well  as  other  (“non-resonant”)  frequencies. 

To  continue  to  evaluate  the  performance  of  this  dump  combustor  as  a  potential  incinerator 
or  pyrolysis  gas  afterburner,  the  gas  phase  surrogates  methyl  chloride  and  a  mixture  of 
ethylene,  benzene,  and  nitrogen  (EBN)  were  used  in  the  present  study.  CHzCl  is  a  gas 
which  has  been  ranked  as  one  of  the  thirty  RCRA  Appendix  VIII  compounds  which  are 
most  difficult  to  destroy[18].  The  difficulty  in  incinerating  CHzCl  results  from  the  fact  that 
chlorine  scavenges  hydrogen  in  the  flame,  thus  reducing  the  radical  pool  and  acting  as  a 
flame  inhibitor.  Hence  CHzCl  is  a  surrogate  whose  destruction  is  sensitive  to  the  presence 
of  radical  species  formed  at  high  temperatures,  so  that  hot  recirculation  zones  created  by 
premixed  flames  at  the  dump  plane  are  required  for  adequate  destruction.  The  EBN  mixture 
has  been  identified  by  the  NAWC  China  Lake  as  a  suitable  surrogate  for  pyrolysis  oflF  gases 
from  a  plasma  arc  pyrolysis  system.  The  proportions  of  ethylenerbenzenemitrogen  used  in 
the  mixture  were  12:1:20  by  volume.  In  contrast  to  CH^Cl,  the  EBN  mixture  required  the 
presence  of  high  concentrations  of  oxygen  for  complete  burning;  this  mixture  burned  as  a 


4 


diffusion  flame  in  the  recirculation  zones,  again,  requiring  no  auxiliary  fuel  in  the  core  flow 
at  all. 

Detection  of  waste  destruction  in  the  present  device  was  made  using  a  gas  chromatograph 
equipped  with  an  electron  capture  detector  to  measure  CHzCl  destruction  (sensitive  to  100 
ppb),  yielding  a  maximum  detectable  DRE  of  approximately  5.6  nines.  A  flame  ionization 
detector  was  used  to  detect  ethylene  (to  100  ppb  or  7  nines  DRE)  and  benzene  (to  0.1  ppb  or 
5.5  nines  DRE).  In  addition  to  DREs,  unbumed  hydrocarbons  were  measured  for  the  EBN 
mixture. 

A  chemiluminescence  NO—NOx  analyzer  (Thermo  EnvirornnentaJ  lOAR  Chemilumines¬ 
cence  NO  —  NOx  Gas  Analyzer)  was  used  to  measure  the  NO  emissions  from  the  combustor. 
The  analyzer  measured  NO  by  reacting  ozone  O3  with  the  sampled  gases  and  measuring 
the  resulting  chemiluminescence.  After  being  generated  in  the  analyzer,  O3  was  mixed  to 
react  with  the  sampled  gases  in  a  reaction  chamber.  The  resulting  chemiluminescence  signal 
resulted  from  the  decay  of  electronically  excited  NO2  molecules  produced  in  the  reaction, 

NO  O3  — >  NO2  +  O2  (2) 

and  was  monitored  through  a  filter  by  a  high  sensitivity  photomultiplier.  The  output  of  the 
photomultiplier  was  linearly  proportional  to  the  NO  concentration.  For  this  reason,  a  one 
point  calibration  with  a  sample  of  known  concentration  suffices  as  a  calibration.  For  the 
present  experiments,  a  gas  cylinder  of  19.2  ppm  NO  in  N2  from  Matheson  Gas  Products  was 
used  as  the  calibrating  gas. 


4  Results  and  Discussion 

Results  for  the  destruction  of  the  two  surrogates  examined  here,  methyl  chloride  and  the 
ethylene/benzene/nitrogen  mixture,  are  quantified  in  terms  of  the  DRE.  CH3CI  DREs  are 
shown  in  Figure  2  as  a  function  of  the  equivalence  ratio  in  the  inlet  core  flow,  with  overall 
equivalence  ratios  (based  on  both  the  Caf/g  in  the  inlet  flow  and  the  CH3CI  surrogate) 
also  shown.  As  one  would  expect,  with  increasing  equivalence  ratio  (accomplished  here 
by  increasing  the  propane  fuel  flow  rate)  in  the  absence  of  external  acoustic  forcing,  the 
primary  reaction  at  the  dump  plane  produced  a  hotter  reaction,  closer  to  stoichiometric, 
resulting  in  an  increase  in  the  rate  of  destruction  of  methyl  chloride  in  the  recirculation 
zones.  Interestingly,  at  a  relatively  low  overall  equivalence  ratio  which  nominally  produced 
low  DREs  without  forcing  {4>  =  0.75),  acoustic  excitation  via  the  loudspeaker  at  the  295 
Hz  mode  showed  a  dramatic  improvement  in  DREs,  by  nearly  three  orders  of  magnitude, 
to  5.6  nines.  Since  this  was  the  detection  limit  of  the  GC  for  CH3CI,  it  is  quite  possible 
that  acoustic  excitation  produced  even  higher  destruction  under  these  conditions.  These 
observations  suggested  that  the  effect  of  acoustical  excitation  on  CH3CI  destruction  was 
to  cause  the  device  to  behave  as  if  it  were  actually  operating  as  if  in  a  richer  (closer  to 
stoichiometric)  combustion  environment.  Based  on  the  destruction  mechanism  for  CH3CI, 
Figure  2  suggests  that  external  acoustical  excitation  at  this  natural  mode  enhanced  the 
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transfer  of  heat  and  radicals  from  the  flames  to  the  recirculation  zones,  which  m  turn  became 
better  able  to  destroy  CHzCl  Acoustical  forcing  thus  had  the  benefit  of  requiring  less 
auxiliary  fuel  for  very  high  surrogate  destruction,  as  similarly  seen  for  SFe  destruction  in 

prior  experiments[l].  ,  . 

Destruction  and  removal  eflSciencies  for  the  EBN  mixture  are  shown  in  Figure 
As  noted  previously,  this  mixture  did  not  require  any  auxiliary  propane  fuel  in  the  inlet 
core  flow.  Its  combustion  was  dependent  on  the  transport  of  oxygen  from  the  ® 

region  of  surrogate  injection,  in  this  case,  to  the  recirculation  zones.  In  dl  cases,  «*“^sion 
flame  structures  were  observed  in  the  recirculation  zones.  Here  again  it  was  found  that 
acoustic  excitation  at  the  295  Hz  natural  mode  produced  much  higher  DREs  than  without 
excitation  for  both  benzene  and  ethylene.  With  the  air  flow  rate  fixed  in  the  inlet,  mcre^es 
in  the  surrogate  injection  rate  (to  increase  <f>)  without  external  forcing  produced  somewhat 
degraded  destruction  (Fig.  3a),  indicating  that  higher  rates  of  injection  of  the  fuel  source 
required  a  greater  degree  of  entrainment  of  oxidizer  to  the  recirculation  zones  for  more 
complete  combustion.  Yet  under  the  same  flow  conditions  but  with  external  acoustical 
forcing,  substantial  increases  in  DREs  for  both  benzene  and  ethylene  were  seen;  in  fact, 
the  percentage  increase  in  DREs  with  acoustic  forcing  was  generally  higher  for  the  higher 
equivalence  ratios.  This  suggested  that  not  only  was  the  transport  of  oxygen  from  the  core  to 
the  recirculation  zones  increased  with  acoustic  forcing,  but  that  entrainment  of  oxidizer  into 
the  jet  of  surrogate  within  these  zones  was  enhanced  as  well.  This  improvement  in  DR^  was 
observed  until  a  critical  equivalence  ratio  was  reached  (0  «  0.45),  above  which  the  DREs 
dropped,  eventually  to  unforced  levels.  Clearly,  this  critical  equivalence  ratio  reflected  a  need 
for  entrainment  of  oxygen  into  the  recirculation  zones  and  into  the  surrogate  jet  that  even 

acoustical  forcing  could  not  accomplish.  .  o  ■  « 

With  the  surrogate  injection  rate  fixed  at  the  maximum  shown  m  Figure  3a,  air  flow 
rate  in  the  core  was  then  increased  to  verify  this  conjecture.  As  shown  in  Figure  3b  even 
without  acoustical  excitation,  an  increased  inlet  velocity  increased  the  oxygen  aval  able  for 
combustion  in  the  recirculation  zones,  and  surrogate  DREs  increased.  With  e:rternal  forcing 
at  295  Hz,  the  improvements  in  destruction  rates  were  dramatic,  bringing  both  benzene 
and  ethylene  DREs  to  their  detection  limits.  Augmentation  of  transport  of  oxyg^  to  the 
recirculation  zones  and  into  the  surrogate  jet  in  particular  appeared  to  result  from  the 
acoustic  forcing.  Hence  from  this  set  of  results  it  became  apparent  that  the  effect  of  acoustical 
forcing  for  EBN  destruction  was  to  cause  the  device  to  behave  effectively  as  if  combustion 

were  occurring  under  leaner  conditions  overall. 

The  effect  of  acoustical  forcing  on  jet  entrainment  within  the  recirculation  zones  was 
observed  visually  as  well.  As  indicated  in  the  photograph  in  Figure  4a,  without  acoustical 
forcing  the  sooting  diffusion  flames  were  long,  circulating  within  the  recirculation  zones  and 
filling  the  entire  combustion  cavity.  Under  the  same  flow  conditions  but  with  acoustical  forc¬ 
ing  at  the  295  Hz  natural  mode  (Figure  4b),  the  diffusion  flame  was  dramatically  shortened, 
indicating  substantial  augmentation  of  transport  of  oxygen  to  the  recirculation  zones  and  in 
turn  into  the  vicinity  of  the  “waste”  jet,  where  the  reaction  was  completed  and  the  flame 
ended  in  a  much  shorter  distance.  There  was  a  clear  visual  augmentation  of  transport  of 
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gases  from  the  inlet  core  to  the  recirculation  zones  during  on-resonance  acoustic  excitation. 

Emissions  of  unbumed  hydrocarbons  during  combustion  of  the  EBN  mixture  further 
confirmed  this  effect  of  external  forcing.  As  shown  in  Figures  Sab,  under  conditions  corre¬ 
sponding  to  those  in  Figures  Sab,  respectively,  HCs  were  substantially  reduced  with  acoustic 
excitation  at  295  Hz,  bringing  levels  nearly  to  0  ppm.  Again,  this  forcing  appeared  to  have 
the  effect  of  causing  the  combustor  to  behave  as  if  operating  under  leaner  conditions. 

NO  emissions  from  the  combustor,  with  a  propane-air  mixture  in  the  inlet  core  and 
no  surrogate  injection  into  the  recirculation  zones,  further  demonstrated  the  desirability 
of  external  acoustic  driving.  Figure  6a  shows  a  plot  of  NO  emissions  from  the  combustor 
(corrected  to  3%  oxygen)  as  a  function  of  forcing  frequency,  for  flow  conditions  given  in 
the  caption.  These  conditions  were  the  same  baseline  conditions  (equivalence  ratio,  inlet 
velocity,  cavity  length)  that  produced  extremely  high  DREs  for  SF^  with  acoustic  forcing 
at  natural  modes[l].  Remarkably,  at  natural  frequencies  at  which  SF^  (as  well  as  CHzCl) 
DREs  were  very  high,  nitric  oxide  production  actually  dropped  compared  to  the  unforced 
condition,  in  some  cases  by  more  than  50%,  below  20  ppm.  Even  with  external  excitation 
at  non-natural  frequencies  (e.g.,  400  Hz),  NO  emissions  were  reduced  compared  with  the 
unforced  (0  Hz)  case.  Figure  6b  shows  NO  emissions  from  the  combustor  as  a  function 
of  equivalence  ratio,  for  unforced  conditions  and  forced  conditions  at  295  Hz.  Excitation 
at  this  frequency  appeared  to  reduce  NO  emissions  significantly,  by  nearly  60%  in  some 
cases,  especially  at  moderate  equivalence  ratios  (0.80  <  (f>  <  0.85).  Even  at  stoichiometric 
conditions  the  external  forcing  reduced  NO  by  40%.  These  results  appear  to  be  consistent 
with  the  observations  of  Keller,  et  al.[7]  who  suggest  that  NO  reduction  during  acoustical 
excitation  in  general  occurs  due  to  shorter  gas  residence  times  at  higher  temperatures.  That 
the  present  NO  emissions  drop  even  further,  to  a  significant  degree,  at  natural  frequencies 
could  indicate  enhanced  residual  gas  mixing  as  well  at  these  frequencies. 

The  results  described  above  clearly  indicate  that  very  efficient  combustor  operation  is 
achieved  during  external  acoustic  excitation  at  a  natural  frequency  of  the  system.  These 
extremely  high  destruction  rates  and  low  unburned  hydrocarbon  and  NO  emissions  suggest 
that  the  transport  of  mass  and  energy  between  core/reaction  zones  and  recirculation  zones 
may  be  strongly  enhanced  during  external  forcing.  Recent  optical  diagnostics  by  our  group, 
described  in  [1,19,20],  as  well  as  pointwise  temperature  measurements  within  the  device, 
appear  to  confirm  this  enhancement  of  transport. 

Figure  7  shows  transverse  temperature  distributions  under  hot  combustion  conditions 
(with  propane  and  air  in  the  inlet  core)  as  measured  by  a  Type  B  thermocouple  introduced 
into  the  cavity  at  a  location  2  cm  above  the  dump  plane.  The  frequency  response  of  the 
thermocouple  in  its  ceramic  jacket  was  considerably  slower  than  the  unsteady  oscillations 
in  the  present  flowfield  (i.e.,  slower  than  300  Hz),  hence  only  time-averaged  temperatures 
were  obtained  from  the  thermocouple.  The  thermocouple  was  introduced  from  the  right, 
and  essentially  estimated  average  temperatures  in  the  recirculation  zone,  flame,  and  jet 
core  regions  for  different  conditions  of  forced  and  unforced  operation.  Interestingly,  the 
temperature  profiles  for  unforced  and  430  Hz  externally  forced  (non-natural  mode)  cases 
were  nearly  identical.  In  contrast,  for  295  Hz  excitation  (a  natural  mode  in  the  larger 
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combustor),  the  temperatures  in  the  recirculation  zones,  flames,  and  inner  core  regions  all 
increased.  Actual  increases  in  recirculation  zone  temperatures  during  the  295  Hz  excitation 
were  of  the  order  30-50  degrees.  According  to  a  simple  pyrolysis  model  [20],  this  temperature 
rise  could  be  sufficient  to  explain  the  increase  in  destruction  rates  experienced  by  5'F6[1] 
during  the  295  Hz  excitation.  The  increased  temperatures  quantified  in  the  recirculation 
zones  are  also  consistent  with  prior  OH*  chemiluminescence  images  in  this  device[l]  which 
suggested  that  average  flame  liftoff  distances  decreased  during  the  295  Hz  excitation  as  well 
as  during  excitation  at  other  resonant  modes. 

That  the  average  temperature  in  the  flame  zone  increased  with  the  295  Hz  excitation 
was  not  necessarily  inconsistent  with  lowered  NO  production  at  this  condition.  Recent 
phase-locked,  planar  laser-induced  fluorescence  (PLIF)  imaging  of  temperature  in  the  com- 
bustor[20]  indicated  that  temperature  in  the  central  (core)  region  of  the  combustor  oscillated 
significantly,  by  as  much  as  700  degrees  during  one  acoustic  cycle  at  the  295  Hz  excitation. 
Hence  the  flame  could  possibly  be  experiencing  high  temperatures  for  relatively  short  periods 
of  time,  too  short  for  significant  thermal  NO  production  to  occur. 

5  Conclusions 

The  present  studies  continue  the  evaluation  of  the  acoustically  driven  dump  combustor  as 
a  potential  hazardous  waste  incinerator/afterbumer,  demonstrating  remarkable  overall  per¬ 
formance  with  external  forcing  at  specific  resonant  modes.  Destruction  rates  for  thermody¬ 
namically  dissimilar  waste/off  gas  surrogates  {SF^,  CH3CI,  and  a  ethylene/benzene/nitrogen 
mixture)  were  found  to  reach  detection  limits  (of  5.5  to  8  nines)  with  external  acoustic  forcing 
at  desirable  natural  frequencies.  Simultaneously,  NO  emissions  as  well  as  unburned  hydro¬ 
carbons  were  seen  to  diminish  significantly  under  these  same  acoustic  conditions.  These 
results  suggest  the  tremendous  potential  that  this  device  has  as  a  thermal  destruction  sys¬ 
tem,  in  addition  to  its  suitability  for  active  control  of  combustion  performance  via  external 
acoustic  forcing. 
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Figure  1.  Schematic  of  the  dump  combustor,  including  features  of  the  combustion  chamber 
cavity.  Dimensions  are  given  in  units  of  mm. 
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Figure  2  Destruction  and  Removal  Efficiencies  (DREs)  of  CHzCl  in  the  dump  combustor 
during  externally  forced  acoustical  excitation  as  a  function  of  core  (inlet)  equivalence  ratio 
for  two  different  inlet  velocities  Ui,  and  cavity  length  10.2  cm.  All  conditions  shown  are 
for  the  case  without  external  acoustical  forcing  except  for  that  labeled  “forced  at  295  Hz  ; 
overall  equivalence  ratios  are  shown  next  to  each  data  point. 
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Figure  3a.  Destruction  and  Removal  Efficiencies  (DREs)  for  the  ethylene/benzene/nitrogen 
(EBN)  mixture  during  unforced  and  295  Hz  externally  forced  acoustical  excitation  as  a 
function  of  equivalence  ratio  based  on  EBN  as  the  sole  fuel  source.  DREs  for  both  ethylene 
and  benzene  are  shown.  Only  air  is  injected  in  the  core  flow,  so  that  equivalence  ratio  is 
increased  by  increasing  the  EBN  injection  rate.  The  cavity  length  is  10.2  cm. 
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Figure  3b.  Destruction  and  Removal  Efficiencies  (DREs)  for  the  ethylene/benzene/nitrogen 
(EBN)  mixture  during  unforced  and  295  Hz  externally  forced  acoustical  excitation  as  a 
function  of  air  flow  rate  in  the  core.  DREs  for  both  ethylene  and  benzene  are  shown.  The 
EBN  injection  rate  is  flxed  at  that  yielding  the  maximum  equivalence  ratio  in  Figure  3a. 
The  cavity  length  is  10.2  cm.  The  scale  at  the  top  of  the  figure  provides  the  corresponding 
values  of  equivalence  ratio. 
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Figure  4b) 


Figure  4.  Photograph  of  sooting  flame  structure  in  the  right  half  of  the  combustion  cavity 
during  destruction  of  the  EBN  mixture,  for  overall  equivalence  ratio  0.23  and  cavity  length 
10.2  cm.  Photos  shown  are  for  cases:  a)  in  the  absence  of  external  acoustical  forcing,  and 
b)  with  external  forcing  at  295  Hz. 
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Figure  5b.  Unbumed  hydrocarbon  emissions  from  the  ethylene/benzene/nitrogen  (EBN) 
injection  case  during  unforced  and  295  Hz  externally  forced  acoustical  excitation  as  a  function 
of  air  flow  rate  in  the  core.  The  EBN  injection  rate  is  fixed  at  that  yielding  the  maximum 
equivalence  ratio  in  Figure  5a.  The  cavity  length  is  10.2  cm. 
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Figure  6a.  Nitric  oxide  emissions  in  the  dump  combustor  during  externally  forced  acoustical 
excitation  for  the  case  where  equivalence  ratio  <j>  —  0.83,  inlet  velocity  Ui  —  4.7  m/sec,  and 
cavity  length  is  10.2  cm.  No  surrogate  is  injected  into  the  recirculation  zones  here.  Zero 
forcing  frequency  refers  to  the  unforced  case. 
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Figure  6b.  Nitric  oxide  emissions  as  a  function  of  equivalence  ratio  in  the  dump  combustor 
during  externally  forced  acoustical  excitation  at  295  Hz  for  the  case  where  inlet  velocity  Ui 
=  4.7  m/sec  and  cavity  length  is  10.2  cm.  No  surrogate  is  injected  into  the  recirculation 
zones  here. 
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Figure  7.  Averaged  temperatures  measured  by  a  Type  B  thermocouple  for  a  horizontal  slice 
taken  through  the  combustor  cavity  at  a  height  of  2  cm  above  the  dump  plane.  At  the  dump 
plane,  the  inlet  is  situated  approximately  between  9.4  and  10.0  cm,  and  the  right  combustor 
wall  is  situated  at  17  cm.  Here  the  inlet  velocity  Ui  =  5.6  m/sec,  equivalence  ratio  0  =  0.83, 
and  cavity  length  =  10.2  cm. 
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ABSTRACT — Solutions  of  the  steady,  two-dimensional  Navicr- Stokes,  thermal  energy  and  species  conser¬ 
vation  equations  have  been  computed  for  a  low-speed  dump  combustor  geometry  with  a  downstream 
constriction.  The  equations  are  solved  in  the  conservative  finite-difference  form  on  a  nonuniform  rectilinear 
grid  of  sufficient  resolution  to  accurately  capture  the  momentum 'thermal  boundary  layers  and.  with 
somewhat  lower  accuracy,  the  flame  structure.  The  chemistry  is  represented  by  a  finite-rate  reduced 
methane-air  mechanism  involving  seven  species.  The  computed  flame  shapes  for  different  cavity  lengths  and 
mixture  equivalence  ratios  are  compared  to  those  determined  experimentally  by  OH(  A )  chemiluminescence. 
Except  for  the  leanest  mixture  studied,  the  computed  and  experimental  flame  lengths  agree  to  within  a  few 
percent.  In  general,  the  computed  flame  lengths  depend  more  strongly  on  equivalence  ratio  than  docs  the 
experimental.  The  dependence  of  computed  flame  shape  on  cavity  length  generally  agrees  with  that 
determined  from  experiment.  Computations  indicate  that  the  structure  of  the  recirculation  zone  is  similar  to 
that  of  a  nonreacting  flow  for  short  cavities,  but  is  qualitatively  different  for  longer  cavities.  These  differences 
are  a  consequence  of  the  heat  release  in  the  flame  front.  Simulations  with  additional  fuel  (representing 
a  hydrocarbon  waste)  injected  into  the  recirculation  zone  show  two  stages  of  heat  release.  The  first  is 
associated  with  premixed  burning  of  the  primary  fuel-air  mixture,  while  the  second  is  associated  with 
a  diffusion  flame  at  the  interface  between  the  oxygen-starved  recirculation  zone  and  the  comparatively 
oxygen-rich  combustion  products  from  the  primary  flame.  These  simulations  indicate  that  excess  oxygen 
from  a  lean  primary  flame  can  be  effectively  utilized  for  waste  destruction,  even  for  very  lean  core  flames 
resulting  from  oxygen  enrichment.  Oxygen  utilization  is  seen  to  be  somewhat  better  for  longer  cavities. 

Key  Words:  Dump  combustor,  incineration,  injection  model 


INTRODUCTION 

Over  the  past  several  years  we  have  conducted  experimental  and  numerical  investiga¬ 
tions  of  the  operating  characteristics  of  the  bench-scale  dump  combustor  (Logan  et  aL 
1991)  shown  schematically  in  Figure  1.  The  device  has  planar  symmetry  allowing 
convenient  optical  access  to  the  combustion  cavity  for  experimental  characterization  of 
the  flame  front  and  flow-field  structures  (Cadou  et  ai,  1991).  A  premixed  methane-air 
mixture  is  admitted  to  the  plenum  chamber  where  it  passes  through  a  flow-straightener. 
into  the  inlet  section,  then  into  the  combustion  cavity.  Hot  combustion  products  in  the 
recirculation  zone  of  the  combustion  cavity  stabilize  a  laminar  flame  that  attaches  to 
the  inlet  at  the  dump  plane.  Very  high  volumetric  heat  release  rates  may  be  obtained. 
The  combustor  can  be  operated  so  that  flame  front  instabilities  excite  one  of  several 
acoustic  modes  of  the  system,  leading  to  resonances  (Logan  et  aL  1991).  Alternatively, 
it  can  be  operated  in  such  a  manner  as  to  suppress  flame  front  instabilities,  leading  to 
steady  behavior  (hereafter  referred  to  as  the  “quiet  mode").  The  actual  operating  mode 
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FIGURE  1  Schematic  of  the  dump-combustor. 


depends  on  the  equivalence  ratio,  inlet  velocity  and  the  combustion  cavity  aspect  ratio 
(the  ratio  of  cavity  length  to  step  width). 

We  are  interested  in  utilizing  the  large  hot  recirculation  zones  in  the  dump  cavity  as 
oxidizing  chemical  reactors  for  the  destruction  of  hazardous  wastes.  Hence,  we  are 
concerned  with  the  residence  time  of  wastes  and  rate  of  entrainment  of  oxidizing  species 
within  the  recirculation  zone,  and  with  the  effect  on  both  of  the  location  and  rate  of 
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waste  injection.  Past  tests  have  shown  quiet  mode  operation  to  be  highly  effective  in 
destroying  surrogate  wastes  (Smith  et  al,  1990),  apparently  due  to  the  stability  of  the 
recirculation  zone. 

In  this  paper  we  report  the  construction  of  a  steady  two-dimensional  model  of  the 
combustor  with  realistic  chemical  kinetics,  and  its  use  in  characterizing  the  structure  of 
the  flame  front  and  recirculation  zone  under  conditions  known  to  lead  to  quiet  mode 
operation.  Successful  prediction  of  the  flame  front  location,  indicating  that  heat  release 
and  transport  processes  are  correctly  accounted  for,  is  of  great  importance  in  under¬ 
standing  the  complex  dynamic  behavior  this  device  can  exhibit.  We  are  currently  in  the 
process  of  extending  the  model  to  simulate  the  unsteady  operation  of  this  device, 
including  the  acoustic  interactions  affecting  the  flow-field  and  chemistry. 


EXPERIMENTAL  MEASUREMENTS 

The  location  of  the  flame  front  can  be  identified  experimentally  using  planar  imaging  of 
OH  chemiluminescence.  The  image  results  from  the  radiative  decay  of  electronically 
excited  radicals  (OH*),  thought(Gaydon,  1974)  to  be  produced  by  the  reaction  between 
CH  and  Oj 

CH  +  02-»C0-1-0H* 

In  premixed  hydrocarbon  flames,  the  peak  in  the  product  of  the  CH  and  O,  concentra¬ 
tions  is  nearly  coincident  with  the  peak  in  the  heat  release  rate. 

For  the  OH  chemiluminescence  images,  light  is  collected  at  right  angle  to  the  plane  of 
symmetry,  passed  through  a  bandpass  filter  centered  around  3 1 2  nm,  and  imaged  onto 
the  S20  photocathode  of  an  image  intensifier  coupled  to  a  CCD  camera.  The  bandpass 
filter  is  used  in  an  attempt  to  isolate  fluorescence  from  the  X^U  A^X(O.O)  transition 
of  OH.  Individual  images  were  acquired  with  50  ps  integration  times,  which  is  short 
enough  to  show  flame  instabilities,  if  present.  Very  little  variation  in  flame  position  or 
intensity  was  noted,  indicating  steady  operation. 

Four  premixed  methane-air  flames  were  examined  in  this  manner,  each  at  two  cavity 
aspect  ratios.  In  each  case  the  mean  inlet  velocity  at  the  dump  plane  was  2.7  m  s. 
Equivalence  ratios  of  0.7, 0.8, 0.9  and  1.0  were  examined. 


NUMERICAL  MODEL 

The  literature  has  numerous  two-dimensional  transport  calculations,  but  most  utilize 
either  one-step  global  reaction  expressions  or  the  flame  sheet  approximation.  Detailed 
chemical  kinetic  calculations  have  been  largely  limited  to  one-dimensional  premixed  or 
diffusion-counterflow  flames.  Problems  cast  in  a  streamfunction  boundary  layer 
formulation  are  somewhat  more  difficult,  but  are  only  applicable  when  the  streamwise 
diffusion  term  is  negligible  or  when  the  flow  does  not  recirculate. 

Most  of  the  previous  fully  two-dimensional  calculations  of  deflagrations  with 
complex  chemical  kinetics  are  for  unconfined  flames,  or  in  geometries  which  lead  to 
relatively  simple  flow-fields  (Smooke  et  ai,  1989, 1990;  Fukutani  et  al,  1990;  Patnaik 
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and  Kailasanath,  1990;  Patnaik  etal,  1988).  The  calculation  of  Burke-Schumann 
methane-air  diffusion  flames  by  Smooke  «  al  (1989, 1990)  provides  an  excellent 
example  of  the  application  of  the  streamfunction-vorticity  approach.  Both  confined 
and  unconfined  simulations  were  performed  with  a  15  species,  42  reaction  mechanism. 
Recirculation  was  observed  under  certain  conditions.  Fukutani  et  al.  (1990)  solved  the 
two-dimensional  transport  equations  with  a  full  Hj— chemical  mechanism  for  the 
Burke-Schumann  problem,  but  in  the  primitive  variable  formulation.  These  results 
compare  well  with  experiment.  Patnaik  and  Kailasanath  (1988,1990)  have  used 
unsteady,  two-dimensional  simulations  with  complex  chemistry  to  address  the  stability 
of  unconfined  premixed  laminar  H2-O2  flames. 

Although  our  device  can  exhibit  very  complex  fluid  dynamic  behavior,  often  with 
significant  flame  strain,  the  pressure  oscillations  are  on  an  acoustic  scale  of  the  order  of 
100  dynes/cm^  or  about  1 14  dB.  The  operation  of  our  dump  combustor  is  exclusively 
in  the  low  speed  regime,  with  the  Mach  number  always  less  than  0.07.  Except  for  the 
effect  of  heat  release,  the  flow  is  essentially  incompressible.  The  principal  effect  of  heat 
release  is  to  change  the  density;  small  changes  in  pressure  balance  the  acceleration  of 
the  flow.  We  solve  the  conservation  equations  in  the  form  listed  below. 

Mass  Continuity: 

=  0  (1) 

cx  cy 

X-Momentum: 


d  f  cu\  c  (  cu\ 


6  .  .  .  d  .  ,  dp 


Y-Momentum: 


Thermal  Energy: 

puc. 


dT  dT  S  f  dT\^o  { ^cT\ 

X  K 


(II) 


(III) 


(IV) 
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Species  Continuity; 

■^(pu  yik)  +  Vj)  +  -^(p 

cx  cy  cx  cy 

K-l 

yjc  =  1  ~  ^ 

k’^l 


fc=l,K-l  (V) 
(Diluent) 


State: 


This  formulation  of  the  problem  is  designed  to  be  readily  extendible  to  unsteady 
calculations  in  enclosures  where  the  pressure  perturbations  are  not  large.  One  major 
difficulty  with  the  slightly  compressible  (or  incompressible)  problem  is  calculation  of 
the  pressure  field.  In  principle,  the  pressure  could  be  obtained  from  the  density,  which  is 
obtained  by  solving  Equation  (I),  but  because  the  velocity  of  sound  is  much  greater 
than  the  mean  flow  velocity,  small  density  perturbations  can  result  in  large  pressure 
changes  with  disastrous  consequences  for  the  momentum  equations.  F or  this  reason, 
among  others,  the  problem  is  notoriously  difficult  to  solve  numerically. 

Models  for  fully  two-dimensional,  nearly  incompressible  flows  may  be  formulated  in 
terms  of  streamfunction-vorticity,  or  primitive  variables.  The  streamfunction-vorticity 
approach  eliminates  the  pressure,  while  the  primitive  variable  formulation  requires 
derivation  of  a  PDE  for  the  pressure.  For  unconfined  flames,  the  effect  of  small 
perturbation  pressures  (*100  dynes/cm^)  can  generally  be  ignored,  so  that  the  stream¬ 
function-vorticity  formulation  is  particularly  convenient.  However,  where  the  pressure 
perturbations  are  important,  as  for  the  acoustic  resonances  which  can  exist  in  our 
system  and  which  we  hope  to  model  in  the  future,  this  advantage  disappears.  To 
recover  the  pressure  in  the  streamfunction-vorticity  formulation,  we  must  solve  an 
additional  Poisson  equation  at  each  iteration. 

A  further  disadvantage  of  the  formulation  for  confined  flows  is  that  we  must 
derive  boundary  conditions  for  vorticity  as  part  of  the  solution:  w  is  not  constant  on  the 
boundaries.  To  be  sure,  the  primitive  variable  formulation  suffers  the  same  problem 
with  respect  to  the  derived  pressure  equation.  However,  the  specifics  of  our  implemen¬ 
tation  offer  a  way  around  this.  Finally,  the  streamfunction-vorticity  formulation  is 
somewhat  more  difficult  to  extend  to  three  dimensions,  requiring  the  solution  of  three 
equations  for  the  vorticity  and  three  more  for  the  vector  potential.  Only  four  fluid 
dynamic  equations  need  to  be  solved  in  the  3-D  primitive  variable  formulation.  In  more 
practical  axisymmetric  configurations,  dump  combustors  can  have  important  3-p 
effects  under  certain  conditions.  Thus  we  choose  to  model  the  dump  combustor  in 
primitive  variables. 

Thermodynamic  and  transport  properties  are  found  using  the  CHE MK IN  package 
(Kee  etal,  1980)  and  mixture  averaging  rules  (Kee  et  aL  1983)  respectively.  Diffusion 
velocities  are  evaluated  from  the  mole-fraction  and  temperature  gradients  by 
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The  code  is  constructed  so  as  to  use  either  a  full  mechanism  or  reduced  mechanisms 
that  are  now  being  published.  In  this  work,  we  use  a  reduced  methane-air  mechanism 
(Paczko  et  al,  1986)  that  contains  seven  species: 

Oj,  CH4,  CO,  CO2,  HjO,  Hj,  H  and  four  global  reactions*. 


CH4  +  2H  +  HjO  =  CO  +  4H2  (R1) 

C0  +  H20  =  C02  +  Hj  (R2) 

2H  +  M  =  H2  +  M  (R3) 

02  +  3H2  =  2H  +  2H20  (R4) 


The  rates  of  these  global  reactions  are  expressed  as  linear  combinations  of  the  rates  of 
elementary  reactions  in  the  full  (23  species)  mechanism.  This  and  similar  mechanisms 
have  been  shown  to  satisfactorily  model  the  heat  release  rate  in  strained  and  unstrained 
premixed  flames.  Since  our  primary  interest  is  in  obtaining  the  correct  (strained)  flame 
speed  and  shape  of  the  major  species  profiles,  use  of  a  reduced  mechanism  is  justified. 
As  noted  elsewhere  (Peters  and  Kee,  1987),  we  use  filters  to  prevent  spurious  species 
creation  or  destruction  rates  under  certain  special  conditions.  These  filters  do  not 
change  the  flame  speed  or  species  profiles  in  the  converged  solutions. 

We  discretize  the  conservation  Equations  (I-V)  on  a  staggered  grid  (Harlow  and 
Welch,  1965)  so  as  to  eliminate  the  decoupling  of  the  cell-pressure  from  the  discretized 
momentum  equation  that  occurs  on  the  non-staggered  grid.  This  also  makes  it 
unnecessary  to  specify  the  pressure  on  the  combustor  walls.  Convection  terms  are 
upwinded  while  diffusion  terms  are  evaluated  from  central  differences.  We  solve  the 
discretized  equations  in  residual  form.  For  example,  for  the  species  continuity  equation, 
we  write  the  implicit  linearization  as  follows: 

(>4,-§^)^n=(^,+x,)^y,+B(n) 

where  B(  T*)  is  the  residual  of  the  discretized  conservation  Equation  (V),  and  Ay  are 
the  linearized  coefficients  that  arise  from  the  convective  and  diffusive  transport.  This 
equation  is  penta-diagonal,  necessitating  use  of  a  factorization  solution  method 
(Peaceman  and  Rachford,  1955).  A  pseudo-transient  term  A,  has  been  added  to  speed 
convergence.  We  solve  the  species  equations  in  a  decoupled  manner,  i.e.,  we  do  not  use 
a  full  chemical  Jacobian.  In  fact  it  is  often  possible  to  solve  this  system  of  equations 
without  utilizing  the  diagonal  part  of  the  chemical  Jacobian.  A  delta  form  of  the 
pressure  equation  is  derived  in  a  manner  similar  to  that  used  in  the  SIMPLER  method 
(Patankar,  1980).  This  pressure  equation  is  iterated  approximately  20  times.  Iteration 
of  the  pressure  correction  equation  only  a  few  times  often  results  in  divergence  due  to 
failure  to  satisfy  continuity  from  step  to  step. 


’  We  have  applied  small  corrections  to  what  appear  to  be  typographical  errors  in  the  original  formulat¬ 
ion.  Specifically,  h',v  »'i  +  w,  +  Wg  +  Wjj  —  wj,  —  u’gj  +  Wj,  —  n-g,  —  +  v*4r  —  »  Also. 

[CjHjJ  =  +(tj5  +  IijgIfOJ  +  and,  [H,]. 
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CALCULATIONS 

The  nonunifom,  orthogonal  computational  grid  used  for  the  unit  aspect  ratio  (A  = 
L/S)  simulations  is  shown  in  Figure  2.  Boundary  conditions  and  physical  dimensions 
are  as  indicated  in  the  figure.  Wall  temperatures  were  measured  with  an  optical 
pyrometer  for  the  A  =  1,2,  =  0.8, 1.0  cases.  Wall  temperatures  used  for  the  calcula¬ 
tions  are  given  in  Table  1.  The  combustor  exhausts  to  atmospheric  pressure.  Coordi¬ 
nate  stretching  has  been  employed  to  increase  the  grid  density  near  the  dump  and  outlet 
planes  because  we  expect  fluid  dynamic  effects  to  be  important  there.  Grid  compaction 
is  employed  in  the  core  flow  to  accurately  capture  the  flame.  The  grid  size  for  the  unit 


U,  =  V,  =  P  =  T,  =  Yk.x  =  0 


Exhaust 

Plane 


Aspect  Ratio  =  A  =  L/S 


Injector 
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VO 

II 


Dump 

Plane 


0.216  cm 


0.216cm 


®  specified 

S  =  1.64  cm- 


Uo  =  270  cm/s  To=300K 
V  =  0  Yk  =  specif  ied 

FIGURE  2  Computational  grid  with  boundary  conditions  and  physical  dimensions.  Wall  temperature  is 
based  on  linear  interpolation  of  experimental  measurements. 
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TABLE  I 


Wall  temperature (K)  used  in  the  calculations  were  linearly  interpolated  from  these  values.  Subscripts  refer  to 

locations  shown  in  Figure  2 


A 

« 

T, 

T, 

Ty 

T. 

Ti 

T, 

1 

0.7 

300 

1315 

1315 

1315 

1410 

1450 

1 

0.8 

300 

1370 

1370 

1450 

1510 

1 

0.9 

300 

1400 

1400 

1400 

1470 

1540 

1 

1.0 

300 

1425 

1425 

1425 

1490 

1570 

2 

0.7 

300 

1265 

1265 

1265 

1330 

1420 

2 

0.8 

300 

1330 

1330 

1330 

1390 

1470 

2 

0.9 

300 

1365 

1365 

1365 

1420 

1500 

2 

1.0 

300 

1395 

1395 

1395 

1450 

15.^0 

aspect  ratio  simulations  is  78  x  70  while  a  122  x  70  grid  is  used  for  an  aspect  ratio  of 
two.  The  exhaust  section  was  extended  and  additional  grid  points  were  added  for  the 
</»  =  0.7,0.8  calculations  to  obtain  complete  fuel  burnout.  Calculations  have 
been  performed  for  premixed  methane— air  mixtures  of  d*  =  0.7, 0.8, 0.9, 1.0  entering  the 
combustor  at  300  K  and  a  velocity  of  270  cm/s.  These  conditions  correspond  to  those 
in  the  experiment,  resulting  in  a  cold-flow  duct  Reynolds  number  of  738  and  a  cavit) 
Reynolds  number  of  2805  and  5610  for  the  aspect  ratio  one  and  two  respectively.  The 
duct  Reynolds  number  is  based  on  the  full  width  of  the  entrance  section  (0.432  cm),  and 
the  cavity  Reynolds  numbers  are  based  on  the  cavity  length  (L).  The  flow  in  a  unit 
aspect  ratio  cavity  is  thought  to  become  unsteady  somewhere  around  a  Reynolds 
number  of  5000  (Vanka,  1985).  Zhang  ( 1990)  reported  no  instability  in  aspect  ratio  two 
calculations  at  Reynolds  numbers  of  50(X).  Hence,  our  A  =  1  flow-field  is  certainly 
steady,  while  for  cold-flow  at  /I  =  2  some  degree  of  instability  cannot  be  ruled  out.  Our 
principal  interest  is  in  reacting  flow,  and  here  the  cavity  Reynolds  numbers  are 
substantially  less  than  the  corresponding  cold-flow  values  due  to  the  increase  of 
viscosity  at  high  temperatures.  No  instability  is  expected  for  the  reacting  flow,  and  our 
experimentally  determined  flame  front  intensity  or  position  shows  none. 

Choosing  .4,  =  p/Ar  with  Af  =  lps  gave  good  performance.  On  each  grid,  the 
4>  =  0.8  simulation  was  started  by  setting  plug  flow  in  the  core,  stagnant  fluid  in  the 
cavity,  and  superimposing  a  triangular  flame  from  the  lip  of  the  dump  plane  to  the 
centerline  at  the  exhaust  plane.  The  mixture  outside  the  flame  front  was  set  to  the 
adiabatic  equilibrium  composition.  The  other  cases  were  restarted  from  the  <t>  =  0.8 
solutions  after  making  appropriate  changes  in  the  inlet  conditions. 


RESULTS  WITHOUT  WASTE  INJECTION 


Cavity  Hydrodynamics 

Figure  3  depicts  the  velocity  fields  for  <f>  =  0.8  reacting  flows  and  corresponding  cold, 
nonreacting  flows  at  aspect  ratios  of  1  and  2.  Significant  differences  in  velocity  fields 
exist  between  the  reacting  and  nonreacting  cases.  Similarly,  the  cavity  hydrodynamics 
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depends  strongly  on  the  aspect  ratio.  However,  for  a  fixed  cavity  aspect  ratio  the 
velocity  fields  for  reacting  mixtures  depend  only  weakly  on  equivalence  ratio  (or  on  the 
shape  of  the  flame  front).  At  unit  aspect  ratio,  the  nonreacting  flow  calculations  show 
a  single  large  recirculation  cell  filling  most  of  the  cavity.  At  an  aspect  ratio  of  two,  there 
is  also  a  second,  large,  but  weaker  counter-rotating  recirculation  zone  in  the  bottom 
portion  of  the  dump  cavity.  The  corresponding  reacting  flows  at  unit  aspect  ratio  show 
a  somewhat  smaller,  weaker,  primary  recirculation  zone,  resulting  from  the  divergence 
in  velocity  across  the  flame  front.  At  an  aspect  ratio  of  two,  however,  the  primary 
recirculation  cell  is  larger  for  the  reacting  flow,  now  extending  to  the  bottom  of  the 
cavity.  This  recirculation  zone  is  also  weaker  than  its  inert  counterpart.  We  also  note 
the  secondary  recirculation  zones  (in  the  comers)  are  smaller  for  the  reacting  flow, 
consistent  with  the  weaker  primary  recirculation  zone  and  with  nonreacting  flow 
calculations  at  much  lower  cavity  Reynolds  numbers. 
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FIGURE  3  Calculated  velocity  fields  for  4>  “  0.8  methane-air  mixtures  in  the  combustor  for  inlet  velocity 
of  270cm/s:  (a)  Non-reacting,  A  «  1;  (b)  Reacting,  A  «  1  (c)  Non-reacting,  A  2;  (d)  Reacting,  A  2. 
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HGURE3  (Cominued) 
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Reacting  flow  hot-cavity  Reynolds  numbers  are  about  750  and  1 500  for  (/)  =  0.8  and 
aspect  ratios  of  one  and  two,  respectively.  Constant  property  simulations  at  these 
Reynolds  numbers  fail  to  predict  the  changes  in  the  flow  field  between  nonreacting  and 
reacting  flows.  Thus,  these  changes  are  not  so  much  a  consequence  of  the  different 
viscosities  but  rather  of  the  heat  release  within  the  flame  front.  This  illustrates  that  the 
nonreacting  velocity  fields  can  fail  to  exhibit,  even  qualitatively,  some  the  features 
present  in  reacting  flows. 


Flame  Structure 

Figure  4  presents  selected  results  for  the  <t>  =  0.8,  unit  aspect  ratio  case  corresponding 
to  Figure  3b.  Except  for  Figure  4f,  which  depicts  the  experimentally  determined  OH* 
chemiluminescence,  all  results  are  from  the  calculations.  The  shape  of  the  experimental 
chemiluminescence  image  agrees  well  with  the  distribution  of  the  calculated  heat 
production  rate  ( -  Xf- 1  shown  in  Figure  4d  and  with  the  numerical  convol¬ 

ution  [CH]  [Oj]  depicted  in  Figure  4e.  Th  concentration  of  CH  is  calculated  from  the 
steady-state  relation  in  the  reduced  mechanism. 

The  mass  fraction  of  fuel  and  that  of  a  typical  chain  carrier  (H-atoms)  are  presented 
in  Figures  4a  and  4b  respectively.  Methane  is  essentially  completely  consumed  at  the 
flame  front.  Two  regions  of  high  H-atom  mass  fraction  are  apparent.  The  first  exists 
near  the  dump  plane,  where  hot  products  in  the  recirculation  zone  impinges  on  the 
unreacted  jet.  This  also  corresponds  to  the  area  of  highest  local  heat  release,  and  the 
result  is  largely  responsible  for  flame  stabilization.  The  second  exists  at  the  tip  of  the 
flame,  where  flame  front  curvature  is  high. 

The  temperature  field  is  given  in  Figure  4c.  The  highest  temperatures  are  found 
between  the  flame  front  and  the  streamline  separating  the  core  flow  from  the  recircula¬ 
tion  zone.  The  latter  is  fairly  uniform  in  temperature.  The  streamfunction  correspond¬ 
ing  to  this  calculation  is  given  in  Figure  6a. 

In  Figure  5.  we  compare  the  experimentally  determined  flame  length  (by 
chemiluminescence)  to  the  numerically  calculated  flame  length  based  on  the  con\ol- 
ution  of  [CH]  [Oj]  for  several  equivalence  and  aspect  ratios.  The  uncertainty  asso¬ 
ciated  with  the  experimental  equivalence  ratios  is  attributable  primarily  to  the  3®o 
uncertainty  in  flowmeter  readings.  For  <l>  ^  0.8.  uncertainty  in  experimental  flame 
length  spans  the  height  of  the  data  points.  For  4>  =  0.7.  some  ambiguity  is  introduced  by 
a  slight  lengthening  of  the  flame  in  the  colder  region  near  the  windows,  which  thickens 
the  region  of  luminescence  at  the  flame  tip. 

At  ^  ^  0.8,  agreement  between  the  experimental  and  calculated  flame  shapes  and 
heights  is  generally  good.  The  calculations  correctly  predict  a  shortening  of  the  flame 
when  going  from  lean  towards  stoichiometric.  Computed  flame  lengths  show  only 
slight  sensitivity  to  cavity  length.  The  calculated  A— 2  flames  are  4-8®/o  shorter  than 
those  for  unit  aspect  ratio.  Within  the  error  of  the  experimental  data,  no  dependence  of 
measured  flame  length  on  aspect  ratio  is  discernible.  Figure  5  shows  that  the  calcula¬ 
tions  are  slightly  more  sensitive  to  equivalence  ratio  than  are  the  experimental  results. 
The  error  associated  with  this  trend  is  not  serious  for  <{>  ^  0.8.  but  grows  rapidly  below 
(^  =  0.8.  At  ^  =  0.7.  the  calculated  flame  lengths  are  about  18%  longer  than  those 
measured. 
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FIGURE  4  Selected  solution  components  for  a  unit  aspect  ratio  calculation  at  ^  *  0.8.  The  top  of  the  bar 
(red)  corresponds  to  the  value  indicated  as  follows;  (a)  CH,  mass  fraction,  4.46- 10  ;  (b)  H  mass  fraction, 
1.6810**;  (c)  Temperature,  2200K,  Minimum-300K;  (d)  Heat  production  rate 
Z5010>*erg/cmVsec;  (e)  Convolution  of  [CH][0,],  1.7510-'*molVcm*;  (f)  OH*  chemiluminescence, 
maximum  pixel  value.  Sm  COLOR  PLATE  I. 


As  part  of  the  construction  and  verification  of  a  reduced  mechanism,  it  is  usual  to 
perform  some  one-dimensional  laminar  premixed  flame  calculations  to  compare 
adiabatic  burning  velocities  and  major  species  profiles.  In  this  work  we  are  primarily 
interested  in  obtaining  the  correct  rate  of  heat  release.  Hence,  we  compare  the  burning 
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FIGU  RE  5  Experimental  and  calculated  flame  heights  based  on  OH*  chemiluminescence  for  equivalence 
ratios  from  0.7  to  1.0. 


velocity  of  the  reduced  mechanism  on  a  coarse  grid,  equal  to  the  transverse  grid  spacing 
used  in  the  two-dimensional  calculations,  to  the  burning  velocity  calculated  on  a  very 
fine  grid  using  the  full  and  reduced  mechanisms.  We  also  compare  these  results  to 
experimental  values  determined  by  Egolfopoulos  et  al.  (1989)  to  elucidate  errors 
inherent  in  the  full  mechanism,  those  introduced  in  the  reduction  of  the  mechanism, 
and  those  associated  with  the  coarse  grid. 

The  full  mechanism  very  slightly  overpredicts  the  burning  velocity  as  compared  to 
experiment  at  ^  =  0.7.  This  overprediction  increases  monotonically  to  9.3%  as  the 
mixture  becomes  stoichiometric.  The  reduced  mechanism  calculated  on  a  fine  grid 
underpredicts  the  burning  velocity  as  compared  to  experiment  by  1 2.6%  at  =  0.7  and 
over-predicts  it  by  15.9%  at  =  1.0.  The  overprediction  of  burning  velocity  at 
equivalence  ratios  of  <f>  —  0.7, 0.8  has  also  become  larger  with  the  introduction  of  the 
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reduced  mechanism.  Thus,  the  reduced  mechanism  is  closest  to  predicting  the  burning 
velocity  at  ^  =  0.8  but  somewhat  exaggerates  the  dependance  of  burning  velocity  on 
equivalence  ratio. 

Comparing  the  coarse-grid  reduced  mechanism  results  to  experiments  showed  the 
reduced  mechanism  over-predicts  the  burning  velocity  by  10.9%  at  ^  =  1.0, 6.9%  at 
<l>  =  0.9, 0.2%  al(f>  =  0.8  and  underpredicts  it  by  12.8%  at  ^  =  0.7.  Evidently  the  use  of 
the  reduced  mechanism  is  primarily  responsible  for  the  relative  “steepness”  in  the 
calculated  flame  height  curve  in  Figure  5  as  compared  to  the  experiment.  The  effect  of 
the  coarse  grid  on  the  burning  velocity  is  negligible  for  the  leanest  flame  examined  in 
the  calculations  but  becomes  progressively  more  pronounced  as  the  mixture  is 
enriched.  The  decrease  in  burning  velocity  predicted  by  the  reduced  mechanism  on  the 
coarse  grid  compared  to  the  fine  grid  is  probably  due  to  poorer  resolution  of  gradients 
within  the  flame  because  the  flame  will  tend  to  become  thinner  as  the  mixture  is 
enriched  from  0  =  0.7  to  <^  =  1.0. 


Accuracy  of  the  Results 

To  assess  the  accuracy  of  the  calculations,  we  take  two  approaches.  First,  there  exists 
a  large  body  of  results  with  which  we  can  compare  fluid  dynamics  for  completely 
incompressible  flows  on  a  domain  similar  to  ours,  the  lid-driven  cavity  (Gatski  et  al. 
1 982;  Ghia  et  al,  1 982;  Schreiber  and  Keller.  1 983;  Vanka,  1 986;  Zhang.  1 990).  We  have 
performed  numerous  fluid  flow  calculations  on  the  lid-driven  cavity  using  grids 
identical  to  those  used  for  the  reacting  shear-driven  cavity  described  earlier.  Qualitat¬ 
ively,  we  find  there  exists  one  large  recirculation  zone  for  low  cavity  Reynolds  numbers 
(Re  =  plJ  y,  L/p  =  100),  with  very  weak  secondary  cells  of  nearly  equal  size  for  both  the 
aspect  ratios  A  -  1  and  >4  =  2.  As  the  Reynolds  number  is  increased,  the  primary  cell 
strength  increases  as  do  the  secondary  cells.  The  secondary  cells  grow  in  size,  the 
downstream  cell  more  so  in  the  A  =  1  case,  but  more  so  for  the  upstream  cell  in  the 
A  =  2  case.  For  the  long  cavity  (A  =  2)  the  secondary  zone  becomes  \ery  large  at 
Re  =  1000  and  by  Re  =  5000  it  is  very  similar  to  that  shown  for  the  shear-driven  cavity 
at  Re  =  5610  in  Figure  3c.  These  double  counter  rotating  recirculation  zones  have  been 
reported  in  the  literature  (Gatski  et  al.,  1982;  Zhang.  1990). 

Quantitatively,  the  location  and  maximum  streamfunction  value  for  the  shallow 
cavity  (A  —  2)  agree  with  Zhang  (1990)  to  within  4.4%  at  Re  =  5000.  This  discrepancy 
decreases  with  the  Reynolds  number,  reaching  exact  agreement  at  Re=  100.  Similar 
accuracy  is  achieved  for  the  secondary  zones.  We  find  similar  agreement  with  the 
maximum  streamfunction  value  and  location  given  by  the  average  of  values  reported 
by  Zhang  (1990),  Ghia  et  al  (1982),  Schreiber  and  Keller  (1983).  and  Vanka  (1985)  for 
the  unit  aspect  ratio  problem.  Our  values  are  within  5%  at  Re  =  5000  and  within  0.2% 
at  Re  =  100.  We  note  that  the  grids  used  in  the  literature  calculations  are  somewhat 
finer  than  ours. 

Second,  we  can  examine  important  features  of  the  solution  and  attempt  to  detemrine 
whether  the  grid  is  sufficient  to  resolve  those  features.  The  flame  structure  is  of  major 
concern.  For  the  stoichiometric  flame  the  initial  Oj  mass  fraction  is  about  0.22.  If  we 
consider  the  flame  to  be  the  region  where  the  Oj  mass  fraction  decreases  from  0.20  to 
0.02,  we  find  six  grid  points  within  the  flame.  Discrepancies  in  the  flame  heights  other 
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than  those  attributable  to  the  reduced  mechanism  (described  earlier)  must  be  assigned 
to  the  model:  e.g.,  having  only  six  grid  points  within  the  flame,  small  deviations  from  the 
experimental  geometry  or  boundary  conditions,  etc. 

To  accurately  capture  the  laminar  flow  structures,  it  is  necessary  to  resolve  the 
boundary  layer.  Gatski  et  <2/.  (1982),  in  assessing  the  accuracy  of  their  lid-driven  cavity 
simulations,  ran  finite  diflerence  simulations  on  a  model  problem  with  successively 
finer  grids.  They  report  that  having  two  grid  points  within  the  boundary  layer  is 
sufficient  to  predict  the  velocity  to  within  one  percent  and  the  shear  stress  to  within 
“engineering  accuracy”  or  10%.  In  our  calculations  there  exist  regions  which  clearly 
can  be  approximated  by  a  flat  plate;  the  inlet  section  and  the  exhaust  section  from  the 
contraction  to  the  exit  of  the  computational  domain.  These  two  regions  have  fast 
moving  fluid  near  the  wall;  other  regions  have  slower  moving  fluid  near  the  wall.  Thus 
we  apply  a  flat  plate  boundary  layer  test  to  these  regions.  If  the  test  is  satisfied  here,  it  is 
expected  to  hold  throughout  the  entire  computational  domain.  The  boundary  layer 
thickness  for  flow  over  a  flat  plate  is  given  by  ^  =  Sy/vliVy  .  A  severe  test  is  to  take 
1  =  Ax,  the  grid  size  at  the  wall.  Using  this  test,  we  find  two  cross-stream  direction  grid 
points  within  the  boundary  layer  for  the  first  step  downstream  from  the  inlet  boundary. 
At  the  cavity  exhaust  plane,  the  situation  is  more  favorable:  there  are  three  grid  points 
within  the  boundary  layer.  Inspection  of  the  solution  at  these  regions  confirms  these 
conclusions.  The  thermal  boundary  layer  lies  outside  the  momentum  boundary  layer  as 
a  consequence  of  the  Prandtl  number  being  less  than  one.  As  we  do  not  account  for 
reactions  at  the  boundaries,  species  boundary  layers  are  expected  to  be  still  thicker. 

We  find  satisfactory  agreement  of  the  model's  cold-flow  calculations  with  the 
literature  and  the  grid  resolution  to  be  adequate  to  resolve  boundary  layers  to 
“engineering  accuracy”.  The  general  agreement  of  experimental  and  calculated  flame 
lengths  indicates  the  model  satisfactorily  accounts  for  the  heat  release  rate  and 
transport  processes  of  a  methane-air  flame  in  the  combustor. 


RESULTS  WITH  WASTE  INJECTION 

As  stated  in  the  introduction,  we  are  evaluating  the  use  of  the  recirculation  region 
within  the  cavity  as  an  oxidizing  chemical  reactor  for  the  destruction  of  hazardous 
wastes.  Incineration  systems  are  generally  designed  to  use  time,  temperature,  and 
mixing  (with  sufficient  oxygen)  to  effect  destruction.  Inadequate  mixing  cannot  be 
corrected  by  increasing  oxygen  content,  temperature,  or  residence  time.  Viewing  the 
recirculation  zone  as  a  stirred  reactor,  the  ratio  of  the  volume  to  the  injection  rate  will 
determine  the  residence  time.  For  steady  operation  (as  opposed  to  operation  at 
a  resonance),  oxidizing  species  must  be  supplied  by  diffusion  across  the  streamline 
separating  the  recirculation  zone  from  the  core  flow.  An  estimate  of  the  rate  of  supply  of 
oxidizing  species  and  of  the  reactor  (recirculation  zone)  size  is  very  useful  in  identifying 
factors  which  limit  the  rate  of  waste  injection,  and  therefore  the  process  economics. 

The  size  of  the  reactor  can  be  calculated  directly  from  the  streamfunction.  The 
normalized  streamfunction  for  A  =  1,2,  ^  =  0.8  calculations  are  shown  in  Figures  6a 
and  b  respectively.  Negative  values  of  the  streamfunction  define  the  recirculation  zone. 
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This  excludes  the  secondary  zones  in  the  corners.  The  dependence  of  the  recirculation 
zone  volume  for  a  unit  depth  reactor  on  the  equivalence  and  aspect  ratios  is  shown  in 
Figure  6c.  As  expected,  the  aspect  ratio  is  the  principal  factor  influencing  the  reactor 
volume,  but  equivalence  ratio  also  has  a  significant  efiect,  especially  for  an  aspect  ratio 
of  two. 

Estimation  of  the  rate  of  supply  of  oxidizing  species  is  more  difficult.  W  e  address  this 
issue  directly  by  computing  a  series  of  cases  with  lean  core  flames,  but  for  which 
additional  methane  (representing  a  hydrocarbon  waste)  is  injected  into  the  recircula¬ 
tion  cell.  The  injector  is  located  in  the  top  of  the  cavity  3/4  of  the  way  towards  the  outer 
wall  (see  Fig.  2).  This  location  was  chosen  so  as  to  minimize  disruption  of  the 
recirculation  cell  structure  at  high  injection  rates.  Two  cases  were  examined  at  each 
aspect  ratio.  The  first  utilizes  a  <^«0.8  methane-air  flame  in  the  core,  as  described 
previously.  In  the  second,  we  augment  the  oxygen  volumetric  flow  rate  in  the  core  flame 
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FIGURE  6  (a)  Nonnalized  streamfunction  for  A  =  I.  ^  =  0.8;  (b)  Normalized  sireamfunction  for  A  =  2. 
^  =  0.8:  (c)  Recirculation  zone  volume  determined  from  the  streamfunction. 
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by  50%  and  reduce  the  nitrogen  by  a  corresponding  amount,  leaving  the  fuel  and 
overall  flow  rates  unchanged.  This  enhanced  oxygen  core  flame  burns  at  an  equivalence 
ratio  of  0.533.  However,  since  oxygen  and  nitrogen  have  nearly  the  same  heat 
capacities,  the  adiabatic  flame  temperature  is  not  significantly  different  from  the 
0  =  0.8  case.  For  both  cases,  methane  is  injected  at  a  rate  sufficient  to  raise  the  overall 
equivalence  ratio  to  one.  For  the  enhanced  oxygen  case,  the  rate  of  methane  injection  is 
about  four  times  that  for  the  methane-air  case  (3.85%  and  1.12%  of  the  inlet  mass  flow 
rates,  respectively).  The  core  equivalence  ratio  ultimately  dictates  the  maximum  rate  at 
which  hydrocarton  wastes  can  be  injected.  Hence,  operation  with  enhanced  oxygen 
may  be  desirable  in  an  incineration  application,  provided  that  the  additional  oxidizing 
capacity  can  be  effectively  utilized. 

Selected  results  for  injected  cases  at  unit  aspect  ratio  are  presented  in  Figure  7.  The 
left  column  depicts  the  results  for  a  ^  =  0.8  core  flame.  The  right-hand  column  depicts 
the  results  for  oxygen  enriched  {<i>  =  0.533)  core  flame.  Corresponding  data  without 
injection  are  shown  in  Figure  4. 

Streamfunction  plots  are  shown  in  Figures  7k  and  71.  Streamlines  associated  with 
injected  jet  originate  from  the  upper  cavity  wall.  For  the  <l>  =  0.8  methane-air  flame 
with  1.12%  injection,  injection  streamlines  span  the  range  0^4'^—  0.01 12.  For  the 
oxygen  enhanced  flame,  injection  streamlines  span  the  range  0^4'^—  0.0385.  The 
interface  between  the  core  and  recirculation  cell  is  depicted  by  the  stagnation  stream¬ 
line  (4*  s  0.0)  originating  at  the  dump  plane  just  outside  the  inlet.  The  higher  core  flow 
rate  associated  with  the  oxygen  enhanced  system  displaces  the  core/recirculation  cell 
interface  into  the  cavity,  resulting  in  minor  enlargement  of  the  interfacial  area  and 
consequent  reduction  in  recirculation  cell  volume. 
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Higher  temperatures  are  expected  in  the  enriched  oxygen  case  since  this  system  is 
less  dilute.  The  temperature  fields  (Figs.  7e  and  7f)  indicate  that  peak  temperature  is 
450  K  higher  in  the  enriched  oxygen  case,  but  this  differential  attenuates  rapidly  towards 
the  center  of  the  recirculation  region.  Most  of  each  recirculation  cell  is  of  nearly  uniform 
temperature. 

Figures  7g  and  7h  reveal  the  presence  of  two  distinct  flame  fronts.  A  primary 
premixed  flame  is  established  in  the  core  and  a  secondary  diffusion  flame  separates  the 
high  temperature,  oxidizer-rich  products  in  the  outer  core  flow  from  the  fuel-rich 
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FIGURE  7  Selected  solution  components  for  two  injected  flamesat  unit  aspect  ratio.  The  left-hand  column 
is  for  a  ^  =  0.8  core  methane-air  flames.  The  right-hand  column  depicts  results  for  an  oxygen  enri^d 
<A  «=  0.533)  core  flame.  In  both  cases  the  overall  equivalence  ratio  is  one.  (a)  CH*  mass  fraction.  1.0;  (b)  CH.i 
mass  fraction,  1.0;  (c)  H  mass  fracUon,  3.38-  lO’*;  (d)  H  mass  fraction.  5.00- 10*  *;  (e)  Temperature.  22W  K. 
Minimum-300K;  (I)  Temperature.  2650 K.  Minimum  =  300K:  (g)  [CHJtO,]  concentration  product. 
63110***molVcm‘;  (h)  [CH][0,]  concentration  product,  1.62  I0‘  ‘’mol’/cm*;  (i)  OH  mass  fraction. 
6.41  •  10-  *;  (j)  OH  mass  fraction,  1 .60- 10"  *;  (k)  Streamfunction;  fl)  Streamfunction.  See  COLOR  PLATE  II. 

recirculation  zone.  The  secondary  flame  front  originates  at  the  dump  plane  coincident 
with  the  stagnation  streamline,  but  for  the  most  part  lies  well  inside  the  stagnation 
streamline,  in  the  core  region.  Secondary  flames  are  also  observed  in  experiments  in 
which  combustible  waste  surrogates  (methyl  chloride  and  acetonitrile)  are  injected 
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(Willis  et  ai,  1 994).  Methane  injection  shortens  the  ^  =  0.8  core  flame  significantly,  but 
it  still  extends  into  the  exhaust  section.  The  flame  length  with  injection  is  still  27% 
greater  than  the  length  of  a  core  flame  of  unit  equivalence  ratio,  as  shown  in  Figure  5. 
Adding  fuel  in  the  recirculation  zone  does  increase  the  core  flame  speed,  but  not  to  the 
extent  it  would  if  added  to  the  core.  Higher  temperatures  in  the  oxygen  enriched  case 
result  in  minor  reduction  in  core  flame  length.  The  length  is  still  1 6%  greater  than  for 
a  stoichiometric  core  methane-air  flame. 

The  OH  mass  fraction  fields  (Figs.  7i  and  7j)  also  distinctly  show  the  presence  to  two 
flame  fronts.  Note  that  as  the  injection  rate  is  increased  there  is  quantitatively  more  OH 
and  the  peak  moves  from  the  core  flame  toward  the  secondary  flame.  This  is  most  likely 
due  to  the  shifting  location  of  the  temperature  maxima  in  the  combustor. 

The  methane  mass  fraction  fields  (Fig.  7a  and  7b)  also  show  two  distinct  regions. 
Fuel  introduced  through  the  inlet  is  confined  to  the  cold  side  of  the  core  flame.  That 
injected  into  the  cavity  is  confined  to  the  fuel>rich  side  of  the  secondary  diffusion  flame. 
For  both  the  air  and  oxygen  enriched  cases  oxidizer  is  not  supplied  fast  enough  to 
confine  the  secondary  flame  front  to  the  combustion  cavity,  hence  a  small  amount  of 
waste  surrogate  is  still  present  in  the  lower  part  of  the  exhaust  section.  Waste  surrogate 
penetrates  further  into  the  exhaust  section  in  the  oxygen  enriched  case,  indicating  that 
oxygen  utilization  within  the  cavity  is  lower.  At  the  end  of  the  computational  domain, 
essentially  all  the  methane  is  reacted. 

Another  interesting  aspect  of  the  methane  field  is  the  existence  of  very  high  mass 
fractions  in  the  upper  right  comer  of  the  cavity.  Figures  7k  and  71  show  that  injection 
results  in  the  formation  of  secondary  recirculation  zones  here.  As  expected,  the  size 
increase  at  higher  injection  rates.  Since  these  cells  exchange  mass  with  the  primary 
recirculation  zone  very  slowly,  this  essentially  reduces  the  cavity  volume  available  for 
waste  pyrolysis  and  oxidation. 

Figure  7c  depicts  the  H-atom  mass  fraction  for  the  ^  «  0.8  case.  Comparison  with 
Figure  4d  indicates  that  injection  significantly  raises  the  H-atom  concentration,  par¬ 
ticularly  in  the  impingement  area  just  past  the  dump  plane.  This  serves  to  attach  the 
flame  front  much  more  securely  at  the  cavity  entrance,  an  observation  which  is  again  in 
accord  with  experiment  (Willis  et  al,  1994).  This  attachment  tends  to  attenuate  low- 
frequency  ‘chugging’  resonances  which  are  prevalent  in  these  combustors  at  low  core 
equivalence  ratios  and  large  aspect  ratios.  We  have  shown  previously  that  this 
instability  results  in  very  poor  levels  of  waste  destruction  (Smith  et  al.,  1990;  Marchant 
et  al.,  1992).  Comparison  of  Figures  7c  and  7d  indicates  that  increasing  the  rate  of  fuel 
injection  does  not  significantly  increase  the  H-atom  concentration  in  the  impingement 
region.  The  principal  pyrolysis/partial-oxidation  products  formed  in  the  recirculation 
zone  (CO  and  H2)  are  first  exposed  to  oxygen  at  this  point.  The  lack  of  increased 
reaction  rate  may  be  due  to  an  observed  decrease  in  the  Hj/CO  ratio  at  this  point  with 
increasing  injection  rate. 

Finally,  we  note  that  the  enriched  oxygen  case  shows  significantly  higher  levels  of 
H  in  the  secondary  flame  in  the  exhaust  section.  This  is  apparently  due  to  the  higher 
temperatures  observed  in  this  system,  and  to  the  fact  that  a  greater  portion  of  the -heat 
release  is  associated  with  the  secondary  flame.  The  generic  recombination  reaction  (R3) 
proceeds  in  the  reverse  direction  in  the  high  temperature  region  between  the  primary 
and  secondary  flame  fronts;  some  of  the  resulting  H-atoms  participate  in  the  destruc- 
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tion  of  methane  by  R I .  The  resulting  consumption  of  H  j  accounts  for  the  increase  in  the 
CO/H,  ratio  in  the  higher  temperature,  oxygen  enriched  flames.  However,  there  is 
more  Hj  in  the  oxygen  enriched  flame  than  the  methane-air  flame.  The  increase  in 
H-atom  levels  in  the  exhaust  section  is  due  to  the  action  of  the  generic  Hj-O, 
branching  reaction  {R4)  when  the  very  lean  core  flame  products  are  forced  close  to  the 
rich  secondary  flame  recirculation  zone  products. 

In  experiments,  we  frequently  establish  high  frequency  (200-500  Hz)  resonances 
when  enriching  the  core  equivalence  ratio  from  0.8  to  1.0  at  short  cavity  lengths. 
However,  raising  the  total  equivalence  ratio  from  0.8  to  1.0  by  injection  of  acetonitrile 
into  the  cavity  never  establishes  such  resonances  and,  if  already  established  ai<t>  —  0.8, 
frequently  reduces  their  intensity  (Willis  et  a/.,  1994).  It  is  expected  that  energy  released 
in  the  secondary  flame  will  be  less  effective  in  exciting  this  mode,  since  the  driNing 
instability  is  associated  with  the  primary  flame  front  (Willis  et  aL  1993).  However,  we 
were  somewhat  surprised  to  see  such  resonances  damped  in  those  experiments.  It  may 
be  that  the  additional  heat  release  in  the  exhaust  section  has  something  to  do  with  this. 

We  have  determined  the  residence  time  distribution  of  mass  in  the  core  flow  and  of 
the  surrogate  waste  by  evaluating  trajectories  of  massless  particles  initially  distributed 
across  the  combustor  inlet  and  the  injector.  With  one  exception  noted  later,  computed 
residence  times  were  strongly  bimodal;  mass  belonging  to  the  core  flow  has  relatively 
short  residence  times  and  mass  originating  from  the  injector  has  longer  residence  time. 
We  find  the  average  residence  time  in  the  A  =  l,  <t>  —  0.8  injection  case  to  be  about 
5.58  ms  for  the  core  flow  with  a  significant  fraction  of  that  spent  at  low  temperature. 
The  minimum  residence  time  for  the  core  flow  is  4.0  ms.  Injecting  the  waste  into  the 
slower  moving  high  temperature  recirculation  zone  results  in  very  significant  lengthen¬ 
ing  of  the  minimum  residence  time  (by  more  than  25  times);  furthermore,  this  mass  is 
subjected  to  high  temperature  for  essentially  the  entire  time  of  flight.  Residence  times 
were  shorter  for  injected  mass  in  the  enhanced  oxygen  cases  because  of  the  increased 
injection  rate.  The  minimum  residence  time  of  injected  mass  in  the  enhanced  oxygen 
case  was  still -1 1.4  times  that  of  the  core  flow.  Thus,  by  careful  design,  relatively  long 
residence  times  at  high  temperature  may  be  obtained  in  a  compact  device. 

The  features  of  the  injected  air  and  enriched  oxygen  systems  ai  A  =  2  are  generally 
the  same  as  described  previously  at  unit  aspect  ratio.  Injection  results  in  the  establish¬ 
ment  of  a  secondary  diffusion  flame  and  stabilization  of  the  core  flame  at  the  dump 
plane.  Oxygen  enrichment  increases  the  total  heat  release  (as  well  as  the  fraction 
associated  with  the  secondary  flame  front)  and  moves  the  region  of  peak  H-atom 
concentration  into  the  exhaust  section. 

Selected  fields  at  an  aspect  ratio  of  two  are  displayed  in  Figure  8.  The  left-  and 
right-hand  columns  depict  results  for  the  methane-air  and  oxygen  enriched  core  flames, 
respectively.  Comparison  of  Figures  7k  and  71  and  8k  and  81  shows  that  increasing  the 
aspect  ratio  displaces  the  stagnation  streamline  towards  the  cavity  wall.  This  is 
consistent  with  the  behavior  observed  for  non-injccted  systems  (Figs.  3b  and  3d).  The 
high  injection  rate  with  oxygen  enhancement  causes  an  additional  secondary  recirciila- 
tion  cell  to  form  along  the  top  wall  just  toward  the  centerline  from  the  injector  location. 
The  streamlines  associated  with  the  injected  fluid  bifurcate  about  S'  %  -  0.025.  with 
those  trajectories  in  the  range  -  0.0385  ^  S' <- 0.025  (representing  approximately 
1  /3  of  the  fluid)  exiting  the  cavity  without  passing  around  the  primary  recirculation  cell. 
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Although  it  occupies  a  smaller  fraction  of  the  cavity,  the  increase  in  cavity  size  with 
aspect  ratio  causes  the  volume  of  the  primary  recirculation  cell  to  increase.  This  trend 
agrees  with  that  established  by  Figure  6. 

As  expected,  the  residence  time  of  injected  mass  increases  with  increasing  cavity 
length.  As  noted  earlier,  the  injected  mass  in  the  enhanced  oxygen  case  suffers  from 
bifurcation  and  hence,  pan  of  this  mass  had  significantly  shorter  minimum  residence 
time  (2.75  times  the  core  flow)  than  the  remainder. 
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n-u  ^arv  flume  front  (FiBS  8r  and  8h)  also  moves  outward  with  increasing 

expected,  based  on  the  results  without  injection,  increasing  the  aspe 
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little  effect  on  the  length  (Fig.  5)  of  the  primary  flame,  which  is  now  confined  well  within 
the  combustion  cavity.  The  H-atom  (Fig.  8c  and  8d)  and  OH  radical  (Fig.  8i  and  8j) 
peaks  are  now  quite  removed  from  the  core  flame  in  the  enhanced  oxygen-methane 
injection  cases.  The  mechanism  previously  described  accounts  for  the  increase  in 
H-atom  levels  in  the  oxygen  enhanced  case  as  compared  to  injection  into  the  methane- 
air  flame. 

Figures  8a  and  8b  indicate  that,  as  for  the  unit  aspect  ratio  cases,  a  small  amount  of 
injected  methane  escapes  from  the  cavity  into  the  lower  part  of  the  exhaust  section. 
Comparison  with  Figs.  7a  and  7b  shows  that  the  minimum  CH^  mass  fraction  depicted 
(0.(X)394)  does  not  penetrate  as  far  into  the  exhaust  section  as  the  aspect  ratio  is 
increased.  This  is  not  surprising,  since  the  larger  area  of  the  secondary  flame  front  and 
longer  mean  residence  time  of  injected  fluid  at  ^4  =  2  would  be  expected  to  result  in 
more  complete  consumption.  However,  at  fixed  aspect  ratio,  oxygen  enrichment  ( along 
with  the  corresponding  increase  in  injection  rate)  is  seen  to  increase  the  degree  of 
methane  penetration  into  the  exhaust.  For  the  enhanced  oxygen  case,  the  tri-modal 
residence  time  distribution  resulting  from  injection  streamline  bifurcation  probably 
plays  a  role  in  this. 


INCINERATION  IMPLICATIONS 

In  incineration  applications,  the  overriding  concern  is  achieving  an  adequate  degree 
of  waste  destruction  at  the  exhaust  of  the  combustor.  Depending  on  the  nature 
of  the  w’aste,  so  called  “destruction  and  removal  eflficiencies"  (DREs)  from  99.99“ o 
to  99.9999“/o  may  be  required.  Secondary  concerns  include  by-product  formation, 
economics,  and  others.  In  our  device,  the  economics  are  influenced  by  the  rate 
at  which  waste  can  be  introduced  while  maintaining  adequate  levels  of  destruction. 
For  combustible  wastes,  a  key  factor  is  the  mixing  of  excess  oxidizer  from  the 
fuel-lean  core  with  the  products  of  oxidative  pyrolysis  formed  within  the  recirculation 
zones. 

One  way  to  quantify  performance  in  the  above  areas  is  to  examine  the  ratio  of 
molecular  flux  at  the  various  points  w’ithin  the  domain  to  that  at  the  inlet.  In  Table  2  w  e 
report  the  computed  integrated  mass  flux  for  selected  species  at  two  points  within  the 
device.  End  refers  to  the  end  of  the  combustion  cavity  or  entrance  to  the  exhaust  section. 
i.e.,  the  location  where  the  duct  contracts.  Exit  refers  to  the  end  of  the  computational 
domain,  as  indicated  in  Figure  2.  The  columns  labeled  CH4  report  the  ratio  of  methane 
mass  flow  rate  to  the  total  rate  at  which  methaneis  introduced  into  the  cavity.  For  cases 
without  injection,  this  corresponds  to  the  inlet  methane  mass  flow  rate.  Where  injection 
occurs,  the  denominator  includes  both  methane  introduced  at  the  inlet  and  that 
injected  into  the  recirculation  cell,  except  as  noted  below.  In  some  modes  of  operation 
(for  example  if  the  primary  flame  is  fueled  with  waste),  it  would  be  appropriate  to 
interpret  these  entries  in  terms  of  DREs.  In  other  modes  (e.g..  where  the  primary  flame 
is  fueled  conventionally),  a  distinction  needs  to  be  made  between  the  methane 
introduced  at  the  inlet  and  the  methane  injected  into  the  recirculation  cell.  We 
accomplish  this  by  solving  a  separate  conservation  equation  for  the  injected  species, 
termed  H4C,  with  identical  chemical  and  physical  properties  as  methane.  An  additional 
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TABLE 2 


Ratio  of  outlet  to  inlet  mass  fluxes  of  methane  and  oxygen  in  the  calculations 


4>, 

CH4 

02 

0, 

A 

<p 

End 

Exit 

End 

Exit 

1 

0.7 

0.7 

5.221E-01 

3.513E-01 

6.740E^1 

5.655E-01 

3.004E-01 

2 

0.7 

0.7 

1.574E.01 

1.866E-07 

4.161  E-Ol 

3.014E-01 

3.004E-01 

1 

0.8 

0.8 

3.167E-01 

6.278E-03 

4.769E-01 

2.462E-01 

2.021E.01 

2 

0.8 

0.8 

5.781E.12 

8.192E-18 

1,948E-01 

1.951E-01 

2.021E-01 

1 

0.9 

0.9 

1.479E-01 

6.810E-18 

Z802E-01 

1.331  E-01 

1.092E-01 

2 

0.9 

0.9 

1.140E.18 

3.354E-27 

1.013E-01 

l.OllE-01 

1.092E-01 

1 

1.0 

1.0 

6.174E-05 

1.794E.23 

8.471E-02 

6.199E-02 

3.312E-02 

2 

1.0 

1.0 

2.866E-26 

O.OOOE+00 

3.067E-02 

2.933E-02 

3.312E-02 

1 

MSI 

1.0 

1.948E-01 

9.092E-15 

2.979E-01 

9.362E-02 

3.312E-02 

2 

1.0 

2.625E.02 

1.998E.12 

8.990E-02 

6.729E-02 

3.312E-02 

1 

1.0 

1.761E-01 

6.982E-14 

3.457E-01 

1.554E-01 

1.048E-01 

2 

1.0 

7.409E-02 

1.190E-15 

Z183E-01 

1.416E-01 

1.048E-01 

propagation  reaction 

H*C  +  2H  +  H20  =  C0  +  4H2  (Rla) 

is  added  to  the  reduced  mechanism.  The  CH4/H4C  product  distribution  in  the 
reaction  of  CO  +  4H2  (the  reverse  of  reactions  (Rl)  and  (Rla)  is  arbitrarily  set 
to  the  local  [CH4]/([H4C]  +  [CH4])  concentration  ratio.  (An  alternative,  less 
conservative  approach  might  set  the  product  distribution  ratio  to  one.  indicating 
that  waste,  once  destroyed  by  reaction,  is  never  re-formed.)  Results  for  the  destruc¬ 
tion  of  injected  waste  are  presented  in  the  columns  labeled  H4C  in  Table  3.  For 
these  cases,  entries  in  the  CH4  columns  are  normalized  by  the  inlet  methane  mass 
flow  rate. 

Oxygen  utilization  data  are  presented  in  the  columns  labeled  O2.  Since  oxygen  is 
never  injected,  the  ratio  denominator  represents  the  inlet  oxygen  mass  flow  rate.  The 
ratio  of  oxygen  mass  flow  rate  at  equilibrium  to  that  at  the  inlet  is  presented  in  the  last 
column.  The  equilibrium  calculation  is  based  on  the  overall  equivalence  ratio  and  an 


TABLE  3 


Ratio  of  outlet  to  inlet  mass  fluxes  of  methane  and  H4C  in  the  calculations 


A 

4>. 

4> 

CH. 

H.C 

End 

Exit 

End 

Exit 

1 

0.8 

1,0 

1.775E-01 

1.434E-17 

1.362E-01 

1.031E-17 

2 

0.8 

1.0 

Z389E-05 

3Z63E-18 

1.092E-01 

1.458E*14 

1 

1.0 

1.379E-01 

3.280E-19 

1.899E-01 

1.882E-15 

2 

0.533 

1.0 

6.229E-05 

1.258E-19 

1,667E-01 

3.259E-16 
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adiabatic  system.  This  represents  the  theoretical  lower  limit  for  the  entries  in  the 
preceding  two  columns,  and  thus  the  maximum  possible  oxygen  utilization. 

Tables  2-3  reveal  some  interesting  generalizations.  First,  we  see  that  adequate  DREs 
for  injected  wastes  are  never  obtained  within  the  cavity.  DREs  for  waste  surrogate 
(H^Qat  the  end  of  the  cavity  increase  slightly  as  far  as  the  aspect  ratio  is  increased.  For 
the  oxygen  enriched  case  this  occurs  in  spite  of  the  injected  streamline  bifurcation, 
indicating  that  the  shortened  minimum  residence  time  is  not  a  serious  problem,  at  least 
for  a  surrogate  as  reactive  as  methane.  DREs  at  the  end  of  the  exit  section  are 
dramatically  higher,  indicating  that  mixing  and  reaction  in  the  exit  section  play 
a  critical  role  in  the  overall  performance.  Exit  DREs  for  the  injected  cases  indicate  that 
destruction  is  essentially  complete,  a  fact  we  attribute  to  high  oxidation  rates  achieved 
when  the  recirculation  and  primary  flame  front  gases  are  forced  into  the  proximity  in 
the  exit  section. 

While  we  observe  high  DREs  at  both  aspect  ratios,  we  observe  higher  degrees  of 
oxygen  utilization  in  the  longer  cavity.  This  is  a  result  of  the  increased  surface  area 
available  for  diffusive  transport  of  oxygen  across  the  stagnation  streamline.  Oxygen 
utilization  actually  comes  closer  to  the  theoretical  maximum  for  the  oxygen  enriched 
core  flame,  indicating  that  waste  incineration  capcacity  can  be  effectively  increased  by- 
oxygen  enrichment.  If  DREs  are  essentially  complete  but  oxygen  utilization  is  not.  it  is 
clear  that  products  of  incomplete  combustion  (PlCs)  must  be  formed.  The  generic  PIC 
in  the  reduced  mechanism  is  CO.  Table  4  shows  that  this  is  indeed  the  case.  We  observe 
higher  mass  fractions  of  CO  in  the  exhaust  for  shorter  aspect  ratios,  indicating  that 
while  impingement  of  the  primary  and  secondary  flame  fronts  in  the  exit  section  is  very- 
effective  in  oxidizing  CH^  to  CO,  it  is  less  effective  is  oxidizing  CO  to  CO,.  This  is 
reasonable  because  the  oxidation  of  CO  by  OH  (included  in  the  gas-water  shift 
reaction  (R2)  is  very  slow  even  if  there  are  no  other  reactions  effectively  competing  for 
OH  and  the  time  available  for  reaction  is  short. 


TABLE 4 

Comparison  of  outlet  CO  mass  fraction  to  equilibrium 


A 

<t> 

Yco 

End 

Exit 

Eq- 

1 

0.7 

0.7 

5.264E-03 

8.679E-03 

9.302E.05 

2 

0.7 

0.7 

5.998E-03 

3.851  E-03 

9.302E-05 

1 

0.8 

0.8 

7.973E-03 

1.287E-02 

5.621E-04 

2 

0.8 

0.8 

7.278E-04 

5.380E-04 

5.621  E-04 

1 

0.9 

0.9 

1.272E-02 

8.371  E-03 

2.501  E-03 

2 

0.9 

0.9 

1.687E-03 

1.410E-03 

2.501E-03 

1 

1.0 

1.0 

1045E-02 

1.494E-02 

8.931  E-03 

2 

1.0 

1.0 

8,231E-^3 

7.622E-03 

8.931  E-03 

1 

0.8 

1.0 

Z693E-02 

2.119E-02 

8.931  E-03 

2 

0.8 

1.0 

1.808E^2 

1.616E4)2 

8.931  E-03 

1 

0.533 

1.0 

5.543E-02 

4.439E-02 

3.941  E-02 

2 

0.533 

1.0 

4.793E-02 

4.011E-02 

3.941  E-02 
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SUMMARY  AND  CONCLUSIONS 

We  have  developed  a  model  capable  of  predicting  flame  shape/speed,  and  by  implica¬ 
tion  heat  release  rate,  under  steady  conditions  in  the  relatively  complex  hydrodynamic 
environment  of  a  dump  combustor.  Comparison  of  reacting  and  non  reacting  simula¬ 
tions  indicates  that  the  core  flame  has  a  very  significant  impact  on  the  structure  of 
recirculation  cell,  in  some  cases  completely  changing  the  nature  of  the  flow  within  the 
cavity.  Hence  nonreactive  simulations,  which  are  frequently  used  due  to  the  ease  of 
computation,  can  be  misleading  where  the  structure  of  the  recirculation  cell  is  of 
interest. 

We  find  that  injection  of  additional  fuel  into  the  recirculation  cell  tends  to  stabilize 
a  very  lean  core  flame  at  the  dump  plane,  effectively  suppressing  low  frequency 
instabilities  which,  under  resonant  conditions,  can  result  in  highly  strained,  intermit¬ 
tent  flames.  Simulations  indicate  that  in  the  absence  of  acoustic  resonances,  satisfactory 
destruction  or  removal  efficiencies  for  injected,  readily  combustible  w’astes  (e.g..  those 
with  oxidation  kinetics  similar  to  methane)  can  be  expected.  Very  good  DREs  are 
obtained  regardless  of  aspect  ratio,  but  better  oxygen  utilization  is  obtained  for  longer 
aspect  ratios  due  to  increased  surface  area  for  mass  transport.  Adequate  transport  of 
excess  oxygen  from  the  fuel-lean  core  with  the  fuel-rich  recirculation  zone  can  be 
expected  at  the  scale  of  the  simulation,  even  for  laminar  flow.  Therefore,  it  appears  that 
oxygen  enrichment  may  be  effective  strategy  for  increasing  the  capacity  of  an  inciner¬ 
ator  based  on  this  type  of  device. 
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An  experimental  investigation  of  the  non-reactive  mixing  processes  associated  with  a  lobed  fuel 
injector  in  a  coflowing  air  stream  is  presented.  The  lobed  fuel  injector  is  a  device  which  generates 
streamwise  vorticity,  producing  high  strain  rates  which  can  enhance  the  mixing  of  reactants  while 
delaying  ignition  in  a  controlled  manner.  The  lobed  injectors  examined  in  the  present  study  consist 
of  two  corrugated  plates  between  which  a  fuel  surrogate,  CO2,  is  injected  into  coflowing  air. 
Acetone  is  seeded  in  the  CO2  supply  as  a  fuel  marker.  Comparison  of  two  alternative  lobed  injector 
geometries  is  made  with  a  straight  fuel  injector  to  determine  net  differences  in  mixing  and  strain 
fields  due  to  streamwise  vorticity  generation.  Planar  laser-induced  fluorescence  (PLIF)  of  the  seeded 
acetone  yields  two-dimensional  images  of  the  scalar  concentration  field  at  various  downstream 
locations,  from  which  local  mixing  and  scalar  dissipation  rates  are  computed.  It  is  found  that  the 
lobed  injector  geometry  can  enhance  molecular  mixing  and  create  a  highly  strained  flowfield,  and 
that  the  strain  rates  generated  by  scalar  energy  dissipation  can  potentially  delay  ignition  in  a  reacting 
flowfield.  ©  1997  American  Institute  of  Physics.  [51070-6631(97)01003-9] 


INTRODUCTION 

The  enhancement  of  fuel-air  mixing  processes  in  com¬ 
bustion  systems  can  have  substantial  benefits  with  respect  to 
combustion  or  incineration  completeness*  as  well  as  NOj^  or 
other  toxic  emission  reduction^'^  due  to  the  reduced  likeli¬ 
hood  of  the  formation  of  stoichiometric  diffusion  flames. 
Rapid  mixing  associated  with  high  fluid  mechanical  strain 
rates  can  suppress  the  ignition  of  diffusion  flames,*"*^  in¬ 
stead  forming  premixed  or  partially  premixed  regions  that 
can  be  made  locally  lean.  When  strain  rates  relax,  ignition 
then  occurs  in  a  premixed  mode,  allowing  a  more  complete 
consumption  of  the  fuel  species  while  reducing  NO  forma¬ 
tion  via  the  well  known  Zeldovich  or  thermal  mechanism." 
NO  formation  can  then  be  limited  to  the  (normally  less  im¬ 
portant)  “prompt”  mechanism,  suggesting  the  potential  for 
significant  NO  emissions  reduction. 

The  present  study  examines  the  flow  and  mixing  pro¬ 
cesses  associated  with  a  fuel  injector  configuration  which  has 
the  potential  for  such  enhanced  fuel-air  mixing.  This  con¬ 
figuration,  the  “lobed”  injector,  is  designed  to  generate  very 
rapid  initial  mixing  of  reactants  through  streamwise  vorticity 
generation**  and  associated  high  strain  rates.  A  schematic 
diagram  of  the  generic  lobed  injector  is  shown  in  Fig.  1 .  The 
injector  consists  of  two  initially  flat,  parallel  plates  which 
“grow”  downstream  into  corrugated  lobes  as  shown.  Fuel  is 
injected  from  between  the  plates  into  an  axially  coflowing 
airstream.  The  oppositely  oriented  secondary  flows  which 
develop  along  the  sides  of  each  of  the  lobes  roll  up  into 
counter-rotating  vortical  structures  oriented  in  the  stream- 
wise  direction.  The  array  of  counter-rotating  vortices  strains 
fluid  interfaces,  in  this  case,  those  separating  fuel  and  air. 

The  general  principle  o.f  the  lobed  or  louvered  geometry 
has  been  applied  to  two-stream  mixing  in  turbofan  engines 
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using  a  single  corrugated  plate  or  interface  to  mix  initially 
separated  fluids.*^*^*  Skebe  et  n/.**  report  that  the  secondary 
(cross-stream)  flow  induced  by  the  lobed  mixer  is  generated 
inviscidly  by  the  mixer  shape.  As  a  consequence  the  stream- 
wise  circulation  generated  at  each  half  of  a  lobe  wavelength 
at  the  exit  plane  of  the  mixer  may  be  predicted  by  inviscid 
analysis.  This  streamwise  circulation  F  is  shown  to  take  the 
form*® 

r^C,t7fi(tan  a),  (1) 

where  Cj  is  a  constant  which  is  sensitive  to  the  specific  lobe 
corrugation  geometry,  U  is  the  mass-averaged  streamwise 
velocity,  h  is  the  pe^^-to-peak  lobe  height,  and  a  is  the  lobe 
half-angle  (see  Fig.  1).  Vortex  strength  predicted  by  equation 
(1)  is  consistent  with  the  experimental  results  in  Ref.  18  as 
well  as  with  those  of  McCormick  and  Bennett.*^  Recent  nu¬ 
merical  simulations  by  O’Sullivan  et  a/.**  in  fact  confirm 
that  the  estimate  in  (1)  for  vortex  strength  can  even  be  ex¬ 
tended  to  cases  where  the  flow  has  separated,  for  lobe  half¬ 
angles  a  as  high  as  25^. 

Further  experiments  by  Eckerle  etal^^  demonstrate 
strong  secondary  velocities  near  the  exit  plane  of  a  lobed 
mixer  which  evolve  into  a  sheet  of  streamwise  vorticity  and 
eventually  coalesce  into  distinct  streamwise  counter-rotating 
vortices,  with  scales  on  the  order  of  the  mixer  lobe  width. 
Further  downstream,  turbulent  breakdown  of  the  streamwise 
vortices  occurs,  the  location  of  which  is  dependent  on  the 
ratio  of  axial  velocities  on  either  side  of  the  mixer.  Vortex 
breakdown  is  seen  by  Eckerle  et  al  *^  to  be  the  critical  phe¬ 
nomenon  that  significantly  enhances  turbulent  mixing  due  to 
the  generation  of  smaller  scale  turbulence  at  breakdown.  Yet 
Yu  et  a/.*®  find  that  enhanced  mixing  can  actually  occur  up¬ 
stream  of  the  region  in  which  vortex  breakdown  occurs,  due 
to  the  localized,  rapid  production  of  turbulent  kinetic  energy. 
Skebe  etal}^  and  Yu  era/.*’  further  note  that  .sinusoidally 
shaped  lobes  tend  to  produce  lower  secondary  flow  velocities 
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FIG.  1.  Schematic  of  the  general  lobed  injector  geometry. 


and  to  mix  less  efficiently  than  a  geometry  with  parallel  lobe 
sidewalls  due  to  the  merger  of  sidewall  boundary  layers  in 
the  troughs  of  the  former  geometry.  Flow  instabilities  in 
plane  wakes  and  shear  layers  have  been  studied  for  a  lobed 
mixer  type  geometry  with  small  lobe  ramp  angles 
and  moderate  Reynolds  numbers;^^’^^  an  uncoupled  develop¬ 
ment  of  streamwise  and  spanwise  vorticity  by  the  lobed  trail¬ 
ing  edge  is  seen  here.  Axisymmetric  lobed  or  corrugated 
mixer  geometries  have  also  been  investigated;^'^’^^  these  also 
demonstrate  the  propensity  for  streamwise  vorticity  genera¬ 
tion. 

Combustion  in  a  lobed  mixer  geometry,  with  roughly 
equal  regions  of  fuel  and  oxidizer  initially  separated  by  a 
single  lobed  splitter  plate,  has  also  been  studied.^^"^*  When 
using  a  lobed  splitter  plate,  the  flame  spread  angle  is  double 
the  flame  spread  angle  of  a  flat  splitter  plate,  indicating  en¬ 
hanced  mixing  and  an  increased  rate  of  flame  propagation.^^ 
Mixing  rate  augmentation  due  to  the  addition  of  streamwise 
vorticity  was  found  to  be  less  sensitive  to  the  detrimental 
effects  of  heat  release  than  the  mixing  rate  for  a  planar  shear 
layer  configuration.^^ 


For  combustor  applications,  the  lobed  injector  (Fig.  1) 
reported  in  the  present  paper  has  several  potential  advantages 
over  the  lobed  mixer.  In  the  lobed  injector,  fuel  is  injected 
directly  into  the  region  of  highest  strain  rates  and  highest 
streamwise  vorticity.  As  a  consequence,  all  of  the  fuel  begins 
to  be  mixed  with  oxidizer  within  a  rapidly  strained  flowfield, 
so  that  mixing  may  occur  under  conditions  which  delay 
ignition.^‘^^  Further,  when  a  thin  “strip”  of  fuel  is  sand¬ 
wiched  between  the  oxidizer  streams,  ignition  delay  can  oc¬ 
cur  at  smaller  strain  rates  than  when  fuel  and  oxidizer  meet 
at  only  one  independent  interface,^^  hence  ignition  delay  can 
be  easier  to  achieve  in  a  lobed  injector  rather  than  a  lobed 
mixer  geometry.  The  lobed  injector  also  has  an  advantage 
over  other  types  of  fuel  injection  schemes  in  that  energy 
losses  and  pressure  drop  are  small,  while  mixing  takes  place 
over  a  comparatively  short  distance. 

The  present  study  investigates  mixing  in  a  chemically 
nonreacting,  isothermal  flow  downstream  of  two  alternative 
lobed  injector  geometries,  and  compares  mixing  characteris¬ 
tics  for  each  of  these  injectors  with  those  for  a  straight  (non- 
lobed)  injector.  The  measured  parameters  of  greatest  interest 
for  combustion  applications  are  the  scalar  dissipation  rate 
(from  which  the  local  strain  rate  may  be  estimated)  and  mix¬ 
edness  or  unmixedness.  These  preliminary  measurements 
were  made  in  nonreacting  flow  in  order  to  remove  the  effects 
of  chemical  reaction  and  heat  release  when  comparing  the 
net  effect  of  streamwise  vorticity  generation  on  mixing  and 
strain  rate.  It  has  also  been  suggested^®  that  the  local  strain 
field  in  a  cold,  non-reacting  turbulent  flow  may  be  used  to 
predict  local  reactive  flow  quantities  in  an  equivalent  com¬ 
busting  flow,  irrespective  of  the  extent  of  chemical  equilib¬ 
rium  in  the  reacting  flowfield.  Thus  the  present  results  have 
broader  implications  for  the  processes  of  mixing  and  ignition 
delay  in  a  reacting  flowfield  associated  with  the  lobed  fuel 
injector. 

EXPERIMENTAL  FACILITY  AND  METHODS 

In  the  present  experiments,  three  different  fuel  injector 
geometries  were  each  studied  in  a  low  speed  wind  tunnel 
with  a  square  test  section  having  9.5  cm  sides,  as  shown 
schematically  in  Fig.  2.  A  blower  at  the  wind  tunnel  exit 
drew  air  through  the  wind  tunnel  at  speeds  between  1  and  1 2 
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FIG.  2.  Schematic  of  the  wind  tunnel  and  experimental  apparatus. 
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FIG.  3.  Comparison  of  exit  plane  geometries  for  the  three  injectors  exam¬ 
ined  in  the  present  experiments. 

m/s.  The  wind  tunnel  entrance  contained  a  honeycomb  sec¬ 
tion  to  straighten  the  flow,  followed  by  a  contraction  section 
of  4:1  area  ratio.  Hot-wire  measurements  in  the  empty  wind 
tunnel  (injector  removed)  confirmed  that  the  velocity  profile 
was  uniform  in  the  test  section  and  that  turbulence  levels 
were  less  than  one  percent  of  the  free  stream  velocity,  except 
within  1.2  cm  of  the  wind  tunnel  walls.  Quartz  windows 
were  fitted  in  the  two  vertical  side  walls  of  the  test  section 
and  at  the  downstream  end  of  the  wind  tunnel  (in  a  plane 
perpendicular  to  the  bulk  flow)  for  optical  access.  The  wind 
tunnel  was  attached  to  a  traversing  table  to  allow  movement 
of  the  tunnel  relative  to  a  laser  sheet  passing  through  the  side 
wall  windows  (see  optics  description  below). 

Three  different  fuel  injectors  were  studied  in  this  wind 
tunnel;  exit  plane  geometries  are  shown  schematically  in  Fig. 
3.  The  lobed  injectors  were  constructed  of  aluminum  using 
an  electron  discharge  machining  or  EDM  device.  Lobed  in¬ 
jector  A  was  constructed  of  two  plates  which  were  planar 
and  parallel  at  the  upstream  edge  and  sinusoidally  corrugated 
(lobed)  at  the  downstream  edge.  The  plates  were  separated 
by  a  small  gap  (on  average,  0.071  cm  at  the  downstream  exit 
plane)  through  which  fuel  surrogate  flowed;  the  wall  thick¬ 
ness  at  the  exit  was  approximately  0.038  cm.  It  should  be 
noted  that,  due  to  machining  inaccuracies,  the  gap  width  and 
wall  thickness  of  this  injector  did  vary  along  the  exit  plane 
lobes.  Both  thicknesses  became  more  than  twice  the  nominal 
value  at  the  peaks  and  troughs  of  the  sine  wave.  The  wave¬ 
length  X  of  the  lobes  was  1.905  cm,  and  the  peak-to-peak 
amplitude  at  the  exit  was  3.721  cm.  The  injector  had  five 
lobes  and  spanned  the  width  of  the  wind  tunnel;  it  was  15.2 
cm  in  length  (in  the  direction  of  flow),  so  that  the  lobes  grew 


at  a  constant  ramp  half-angle  a  of  approximately  7®. 

Lobed  injector  B  had  a  wavelength  of  3.175  cm,  a  peak- 
to-peak  amplitude  of  3.518  cm,  a  ramp  half-angle  of  6.6°,  a 
slot  width  of  0.056  cm,  and  a  wall  thickness  of  approxi¬ 
mately  0.076  cm  at  the  exit  plane.  Wall  thickness  and  slot 
width  were  much  more  uniform  along  the  lobes  in  injector  B 
than  in  injector  A.  In  injector  B,  the  three  lobes  were  de¬ 
signed  as  rounded  square  waves  with  parallel  side  walls.  The 
different  geometry  and  larger  wavelength-to-amplitude  ratio 
were  chosen  in  an  attempt  to  reduce  the  boundary  layer 
thickness  in  the  injector  troughs  and  to  examine  this  effect 
on  vortex  roll-up  and  mixing  effectiveness.  Streamwise  vor¬ 
tex  strength  T  for  injectors  A  and  B  was  estimated  using 
equation  (1),  with  coefficients  Ci  =  2.4  for  injector  A  and 
C]  =  4.0  for  injector  B,  per  the  conclusions  of  Skebe  et 
for  alternative  lobe  geometries. 

Finally,  injector  C  was  a  straight  slot  injector  with  the 
same  slot  width  as  in  injector  B,  but  with  a  wall  thickness  of 
0.127  cm  at  the  exit  plane.  There  was  no  aerodynamic  load¬ 
ing  for  injector  C,  and  hence  the  principal  mechanism  for 
streamwise  vorticity  generation  was  removed.  We  examined 
this  configuration  in  an  attempt  to  isolate  the  effects  of  the 
lobes’  streamwise  vorticity  generation  on  mixing  from  the 
effects  of  spanwise  vorticity  generation  when  the  upper  and 
lower  air  flow  velocities  were  unequal  and  from  the  wakes 
caused  by  the  finite  thickness  of  the  injector  walls.  Although 
the  injector  wall  thicknesses  differed  on  average  between  the 
lobed  geometries  and  the  straight  geometry,  for  the  flow  con¬ 
ditions  studied,  this  difference  had  little  effect  on  mixing 
characteristics^^  as  compared  with  the  effect  of  slot  width, 
which  was  on  average  about  the  same  among  the  three  injec¬ 
tors. 

Carbon  dioxide  (CO2)  was  used  in  the  present  experi¬ 
ments  as  a  fuel  surrogate  because  of  its  similarities  to  pro¬ 
pane  fuel  in  terms  of  molecular  weight  and  diffusivity.  Air 
was  passed  above  and  below  the  injector.  CO2  was  supplied 
to  the  injector  by  a  rectangular  pipe  of  the  same  dimensions 
as  the  upstream  edge  of  each  injector.  The  pipe  passed 
through  the  entrance  and  contraction  sections  of  the  wind 
tunnel,  and  was  fastened  flush  with  the  upstream  surfaces  of 
the  injector.  This  pipe  separated  the  wind  tunnel  into  two 
halves  in  the  section  between  the  contraction  and  the  injector 
exit. 

Each  of  the  three  injectors  was  tested  for  different  sets  of 
operating  conditions.  In  flow  set  I,  the  axial  velocities  of  all 
the  streams  {Vf  for  fuel,  v^a  for  the  air  flow  above  the  injec¬ 
tor,  and  Vab  for  the  air  flow  below  the  injector)  were  matched 
as  closely  as  possible,  although  due  to  nonuniformities  in  the 
lobed  injector  geometry,  the  fuel  velocities  were  not  pre¬ 
cisely  matched  with  airflow,  especially  at  the  peaks  and 
troughs  in  injector  A.  Row  set  II  involved  matched  air  ve¬ 
locities  but  with  a  quantifiably  higher  fuel  exit  velocity.  The 
last  set  of  flow  conditions,  set  III,  consisted  of  mismatched 
upper  and  lower  air  velocities,  with  the  fuel  velocity  set  at 
the  mean  of  the  upper  and  lower  air  stream  velocities.  These 
flow  conditions,  appropriate  for  each  of  the  three  injectors, 
are  summarized  in  Table  I. 

For  the  flow  conditions  outlined  above,  the  momentum 
thicknesses  above  and  below  the  lobe  peaks  (at  the  injection 
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TABLE  I.  Flow  conditions  used  to  study  each  injector. 


Flow  condition  set 

Velocity  range,  xn/s 

Velocity  ratio  range 

K/ 

v,bfv„  2vf/{v„+v,b) 

I 

1-11.5 

1-11.5  1-11,5 

1  1 

11 

9-13.5 

4.5  4.5 

I  2-3 

ni 

3-5  15-18 

3-6  1 

2 

plane)  were  measured  using  a  pitot  probe.  A  summary  of 
momentum  thicknesses  B  for  the  range  of  bulk  airflow  con¬ 
ditions  examined  is  shown  in  Table  II.  Velocity  measure¬ 
ments  were  made  from  the  top  of  the  wind  tunnel  to  the 
bottom,  vertically  passing  through  the  central  peak  of  each 
iobed  injector.  The  lobed  shape  clearly  thins  the  boundary 
layer  above  the  upper  plate  at  the  lobe  peak  and  thickens  the 
boundary  layer  below  the  lower  plate  at  the  lobe  peak  when 
compared  with  values  for  the  flat  injector  C.  While  the  dif¬ 
ferences  in  B  for  the  lobed  injectors  A  and  B  were  not  as 
large  as  were  expected,  the  differences  may  have  been  suf¬ 
ficient  to  have  had  an  effect  on  downstream  mixing  charac¬ 
teristics.  The  momentum  thicknesses  for  the  lobe  side  walls, 
also  shown  in  Table  II,  indicated  a  consistently  thinner  side- 
wall  boundary  layer  thickness  for  injector  B  than  for  injector 
A,  as  would  be  expected  from  the  ^sign. 

Scalar  mixing  was  studied  in  the  present  experiments 
using  planar  laser-induced  fluorescence  (PLIF)  imaging  of 
acetone  seeded  in  the  CO2  supply  as  a  tracer.  Acetone  was 
excited  with  308  nm  laser  light  from  a  XeCl  excimer  laser, 
pumping  several  lines  in  the  acetone  A  system,  resulting 
in  fluorescence  proportional  to  the  acetone  concentration.^^ 
The  300  mJ,  25  ns  laser  beam  was  formed  into  a  5  cm  tall 
sheet,  passing  through  the  wind  tunnel  test  section  perpen¬ 
dicular  to  the  direction  of  bulk  flow,  with  a  sheet  thiclmess  of 
600  /rm  or  less.  By  moving  the  laser  sheet  along  the  stream- 
wise  axis  of  the  tunnel,  the  evolution  of  the  COj  or  “fuel” 
concentration  field  driven  by  the  developing  vortices  was 
visualized.  Nonresonant  fluorescence  of  acetone  occurred 
over  a  broad  spectrum  from  350  to  650  nm,  peaking  at  about 
435  tun. 

Acetone  fluorescence  was  detected  and  imaged  by  an 
intensified  CCD  camera  located  outside  the  wind  tunnel’s 
downstream  end  window.  Long-pass  optical  filters  were 
placed  in  front  of  the  imaging  lens  to  prevent  elastically 
scattered  laser  light  from  reaching  the  intensified  CCD  array. 
Acetone  phosphorescence  (200  ^s  lifetime)  was  rejected  by 


gating  the  image  intensifier  on  for  a  period  of  500  ns.  The 
CCD  array  contained  610x492  pixels,  and  the  imaging  lens 
and  CCD  array  combination  gave  a  pixel  resolution  of  better 
than  200  fim. 

To  obtain  quantitative  measurements  of  acetone  concen¬ 
tration,  it  was  desirable  to  operate  in  the  regime  of  linear 
fluorescence.  Lozano  et  alP  give  the  fluorescence  lifetime 
for  acetone  as  2.7  ns,  and  the  absorption  cross-section  a  for 
308  nm  light  as  1.6X  10“^  cm^.  This  gives  a  saturation  pho¬ 
ton  flux  density  of  Nj„=  2.3X10”  photons/(cm^-ns).  In 
the  present  experiment  the  photon  flux  density  was  less  than 
1.2X  10”  photons/(cm*-ns),  or  more  than  2  orders  of  mag¬ 
nitude  sm^Ier  than  the  saturation  photon  flux  density.  The 
fluorescence  signal  was  therefore  linear  in  acetone  concen¬ 
tration  and  linear  in  laser  energy  in  the  present  experiments. 
While  the  acetone  concentrations  introduced  into  the  injec¬ 
tors  were  about  90000  ppm,  the  average  concentration  of 
acetone  downstream  in  the  test  section  was  well  below 
90  000  ppm,  and  beam  absorption  was  negligible. 

All  PLIF  images  of  acetone  (including  calibration  im¬ 
ages)  were  normalized  by  laser  pulse  energy  to  correct  for 
shot-to-shot  variations  in  laser  energy.  The  normalized  PLIF 
images  of  mixing  were  corrected  for  intensity  nonuniformity 
in  the  laser  sheet  and  imaging  optics  and  simultaneously  cali¬ 
brated  for  acetone  concentration  by  dividing  by  the  normal¬ 
ized  calibration  image  on  a  pixel-by-pixel  basis.  Pixel  values 
in  the  scalar  concentration  images  varied  between  0  and  1, 
representing  the  mass  fraction  Y  of  CO2  at  each  pixel  loca¬ 
tion. 

These  PLEF  images  were  converted  from  CO2  mass  frac¬ 
tion  (T)  images  to  mixture  fraction  (f)  images  using  the 
relation  where  Yf  represents  the  maximum  CO2 

(“fuel”)  mass  fraction  in  the  flowfield,  at  injection.  Mixture 
fraction  gradients  were  calculated  from  the  pixel  values 
using  central  differencing  with  a  low-pass  spatial  filter.  The 
scalar  dissipation  rate’  x  calculated  as 

where  D  is  the  average  mass  diffusivity;  in 
the  present  experiments,  gradients  were  calculated  in  two 
dimensions  only,  since  instantaneous  images  were  obtained 
in  relatively  widely  spaced  two-dimensional  planes  at  differ¬ 
ent  points  in  time.  While  this  evaluation  clearly  does  not 
produce  the  complete  value  of  scalar  dissipation  rate  x,  it  is 
reasoned  that  the  component  of  x  arising  from  the  stream- 
wise  or  axial  gradient  in  |  should  be  roughly  the  same 
among  the  three  different  injectors  for  the  same  flow  condi¬ 
tions.  Hence  comparisons  of  x  among  the  three  injectors 


TABLE  II.  Momentum  thicknesses  at  exit  plane  for  each  injector. 


Injector 

Air  speed  (m/s) 

Momentum  thickness  0  (cm) 

0  above  peak 

0  below  peak 

0  left  lobe 

0  right  lobe 

A 

4.7 

0.0061 

0.203 

0.035 

0.024 

A 

11.5 

0.0092 

0.179 

0.033 

0.024 

B 

• 

4.9 

0.01J 

0.198 

0.024 

0.018 

B 

12.1 

0.013 

0.148 

0.018 

0.019 

C 

4.4 

0.081 

0.095 

- 

c 

11.4 

0.072 

0.132 

- 

- 
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should  yield  useful  infonnation  with  respect  to  the  potential 
for  igniticm  delay.' 

Following  descriptions  in  Refs.  9, 30.  and  33,  it  is  pos¬ 
sible  to  relate  the  sc^  dissipation  rate  x  to  strain  rate  c  at 
stoichiometric  contours  in  a  reactive  flow,  assuming  die  in¬ 
terfaces  between  fuel  and  air  to  behave  as  locally  steady, 
opposed  flow  diffusion  flames.  In  a  flowfield  in  wUcfa  only 
molecular  mixing  occurs  at  strained  fluid  interfaces,  die  re¬ 
lationship  between  strain  rate  and  die  dissipation  rate  of  the 
conserved  scalar  takes  die  same  form  wlien  relied  at  local 
maxima  in  or  ‘‘strained  dissipation  layer”  contours.  This 
relationship  between  strain  rate  e  and  scalar  dissipation  rate 
at  a  dissipation  layer  contour  is  given  by^ 

21 


(2) 

As  pointed  out  by  Bish  and  Dahm,^  the  values  of  die  con¬ 
served  scalar  well  above  and  below  the  mixing  interface. 

and  ,  can  have  a  critical  effect  on  the  magnitude  of  the 
local  strain  rate  experienced  by  the  interface.  This  is  espe¬ 
cially  important,  yet  is  difficult  to  quantify,  as  dissipation 
layers  are  brought  close  together  in  a  strain  field  as  occurs  in 
the  present  situation.  In  the  present  study,  an  automated  tech¬ 
nique  was  used^  in  which  the  dissipation  layer  contours 
were  determined  by  searching  for  local  maxima  in  the  scalar 
gradient  field;  it  was  at  these  locations  that  x  was  computed. 

and  were  dien  estimated  locally  by  a  curve  fit  to  the 
error  function  solution. 

The  degree  of  molecular  mixing  within  a  flowfield  may 
be  quantified  using  the  concept  of  mixedness^^'^  as  well  as 
die  concept  of  unmixedness.^^*^^  Both  concepts  quantify 
mixing  in  terms  of  the  second  moment  of  the  scalar  concen¬ 
tration  field,  enabling  comparisons  of  the  local  scalar  field  to 
be  made  with  the  scalar  field  that  would  be  present  if  the 
fluids  were  completely  mixed  or  completely  unmixed.  In  the 
present  analysis  the  concept  of  unmixedness  is  used  to  quan¬ 
tify  molecular  mixing  processes;  this  is  defined  as  follows, 
after  Dimotakis  and  Miller:^ 

r’(y-rfp(y)dr 

- .  (3) 

(y,-y)(y-ro) 

where  To  ^  minimum  and  maximum  CO2  mass 

fractions  present  within  a  given  interrogation  area,  respec¬ 
tively,  p(y)  is  the  probability  density  function  of  the  mass 
fraction,  and  the  mean  value  of  the  mass  fiaction  within  the 
local  interrogation  area,  T,  is  given  by 

f=  r\p(y)dy.  (4) 

Jro 

It  is  noted  that  the  unmixedness  U  approaches  unity  for  the 
case  of  completely  non-molecularly  mixed  fluids,  i.e.,  the 
second  moment  in  the  numerator  of  Eq.  (3)  approaches  the 
denominator,  and  U  approaches  zero  for  complete  rrolecular 
mixing  of  two  fluids,  i.e.,  a  local  mass  fraction  of  T  every¬ 
where  within  the  integration  region. 


e= 


(f 


2  err’ 


The  degree  of  mixedness  or  unmixedness  in  a  flowfield 
is  sensitive  to  the  integration  area  over  which  the  second 
moment  is  evaluated,  as  pointed  out  by  Marble.^’  For  S4>pli- 
cation  of  tile  presoit  flowfield  to  combustion  systems,  the 
gUdxd  mixing  of  all  fuel  and  air  present  at  each  cross-section 
of  the  wind  tutmel  is  not  the  most  useful  information,  since 
ignition  is  not  dependent  on  conqilete  mixing  of  fuel  with  air 
far  above  and  below  die  injector.  It  is  the  loccd  degree  of 
fuel-air  mixing  at  strained  stoichiomeuic  interfaces  that  de¬ 
termines  the  local  ‘‘equivalence  ratio”  (fuel-air  ratio  com¬ 
pared  with  stoichiometric)  that  would  be  {nesent  when  igni¬ 
tion  occurs  in  a  reacting  case,  ftran  which  reactant  con¬ 
sumption  rates  and  local  NO  concentrations,  for  example, 
may  be  estimated.  As  a  consequence,  in  quantitatively  com¬ 
paring  mixing  characteristics  among  the  three  injectors,  we 
chose  an  integration  area  which  included  (at  the  injection 
plane)  only  a  single  side  of  each  of  the  lobes  for  injectors  A 
and  B,  with  equivalent  areas  of  surrounding  air;  a  strip  of 
injector  C  of  equal  length  and  surrounding  area  was  chosen 
for  comparison.  Initial  fluid  interface  lengths,  areas  of  pure 
‘‘fuel,”  areas  of  pure  air,  and  total  integration  areas  were 
also  kept  constant  among  the  three  injectors.  Hence  compari¬ 
sons  of  unmixedness  among  the  three  injectors  yielded  dif¬ 
ferences  which  arose  mostly  from  secondary  flows  along  the 
lobes  and  subsequent  streamwise  vorticity  generation  and 
which  were  not  due  to  increased  interfacial  length  at  injec¬ 
tion. 

Tlie  integration  area  and  location  for  the  evaluation  of 
unmixedness  were  maintained  as  constants  with  downstream 
location.  This  is  another  difficulty  with  the  concept  of  mix¬ 
edness  or  unmixedness:  As  the  integration  area  (laser  sheet 
location)  is  moved  downstream,  new,  entrained  fluid  is 
counted  within  the  integration  area,  while  some  fluid  origi¬ 
nally  present  at  injection  may  have  been  lost  from  the  inte¬ 
gration  area.  Yet  as  noted  above,  using  the  entire  cross- 
sectional  area  of  the  wind  tunnel  (in  which  no  fluid  is  gained 
or  lost)  as  the  integration  area  would  yield  nonuseful  mixing 
infonnation  ftom  a  combustion  perspective. 


RESULTS 

Flow  visualization  by  smoke  from  TiCL  as  well  as  ac¬ 
etone  PUF  was  performed  in  laminar  flow  with  airstream 
velocities  of  1  m/s  in  order  to  examine  flow  path  and  vortex 
rollup.  Acetone  PLIF  images  for  the  three-lobed  injector  B 
are  shown  in  Fig.  4  for  different  downstream  locations 
within  the  mixing  tunnel.  For  these  and  all  test  conditions 
shown,  effective  streamwise  circulation  F  was  estimated  us¬ 
ing  equation  (1 ),  with  Ci  ®  2.4  for  injector  A  and  C  i  =  4.0  for 
injector  B,  as  suggested  in  Ref.  18.  Figure  4  shows  that, 
close  to  the  injector  exit,  CO2  remained  concentrated  within 
the  region  of  injection,  while  further  downstream,  Kelvin- 
Helmholtz  vortical  structures  formed  along  the  injector  lobes 
which  eventually  rolled  up  further  downstream  into  large 
scale  vortical  structures,  becoming  concentrated  near  the  in¬ 
jector  inflection  points.  The  vortical  structures  near  the  in¬ 
flection  points  appeared  to  draw  injector  fluid  from  the  peaks 
and  troughs  of  the  injector  toward  the  center  of  the  flowfield. 
The  secondary,  cross-stream  velocities  induced  by  the  lobed 
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FIG.  4.  PLIF  images  of  the  mixture  fraction  of  CO2  for  the  3-lobcd  injector 
B  under  flow  condition  1  with  low  speed  air  flow  at  1  m/s  and  estimated 
streamwisc  circulation  r«0.016  m"  /  s.  Images  arc  shown  at  locations  20, 
40,  60,  80,  and  100  mm  downstream  of  injection. 


FIG.  5.  PLIF  images  of  the  mixture  fraction  of  COj  for  the  5-lobcd  injector 
A  under  flow  condition  I  with  high  speed  air  flow  at  11. 5  m/s  and  estimated 
streamwise  circulation  F- 0.1 32  m’/s.  Images  are  shown  at  locations  20, 
40,  60,  and  80  mm  downstream  of  injection. 


injector  at  flow  conditions  corresponding  to  case  III  (at  high 
speed)  and  case  II  (at  moderate  speed),  respecti\ely.  The 
images  in  Fig.  8  for  mismatched  upper  and  lower  air  speeds 
are  similar  to  those  for  matched  air  speeds  in  Figs.  5-7  and 
for  other  air  velocity  ratios  examined.^^  Lobed  injector  B  did 
appear  to  draw  fluid  from  peaks  and  troughs  toward  injector 
inflection  points  more  efficiently  for  this  flow  condition  [Fig. 


injector  were  also  clearly  visible  in  smoke  images  (not 
shown  here),  with  a  magnitude  roughly  l/7th  of  the  primaiy 
velocity. 

Instantaneous  acetone  PLIF  images  in  Figs.  5,  6,  and  7 
show  flow  evolution  at  higher  speed  air  streams  for  inject^ 
A,  B,  and  C,  respectively,  again  for  flow  condition  I.  As  with 
the  low  speed  flow,  CO2  remained  concentrated  within  the 
region  of  injection  close  to  the  exit  plane,  later  experiencing 
distortion  by  small  scale  vortical  structures  along  the  injector 
lobes  (Figs.  5  and  6).  Pairing  and  merger  of  these  structures 
into  larger  vortical  structures  were  observed  to  occur  down¬ 
stream,  although  evolution  of  the  vortices  into  single  large 
scale  streamwise  structures  was  not  as  obvious  in  these  in¬ 
stantaneous  images  of  the  turbulent  flow  as  in  the  laminar 
flow.  Neither  was  any  significant  breakdown  in  the  stream¬ 
wisc  vortical  structures  noted  within  100  mm  of  injection  for 
flow  condition  1.  Lobed  injector  B  did  demonstrate  the  abil¬ 
ity  of  the  streamwise  vortical  structures  to  draw  injector  fluid 
from  the  peaks  and  troughs  toward  inflection  points;  this  was 
not  observed  in  injector  A,  possibly  due  to  the  somewhat 
smaller  effective  circulation  for  injectors  of  this  type  as  well 
as  the  injector's  larger  gap  width  at  the  peaks  and  troughs. 

Figures  8(a)-(c)  and  Figs.  9(a)-(c)  show  acetone  PLIF 
images  at  a  specific  downstream  location  (60  mm)  for  each 


FIG.  6.  PLIF  images  of  the  mixiure  fraction  of  CO;  lor  the  .3- lobed  injector 
B  under  flow  condition  1  with  high  speed  air  flow  at  1 1  m/s  and  estimated 
streamwise  circulation  F-O.IW  m'/s.  Images  are  shown  at  liKaiions  20. 
40,  60,  and  80  mm  downstream  of  injection. 
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FIC.  7.  PLIF  images  of  the  mixture  fraction  of  CO]  for  the  straight  injector 
C  under  flow  condition  1  with  high  speed  air  flow  at  1 13  m/s.  Images  ate 
shown  at  locations  20,  40,  60,  and  80  mm  downstream  of  injection. 


8(b)]  than  for  flow  condition  I  with  equal  air  flow  rates  (Hg. 
6),  despite  a  somewhat  higher  estimated  streamwise  circula¬ 
tion  in  case  1.  Since  the  effective  air  speed  mismatch  was 
higher  at  the  injector  troughs  than  at  the  peaks  for  case  m, 
one  might  expect  a  non-symmetric  mixing  of  COj  and  air 
between  peaks  and  troughs,  but  this  did  not  appear  to  have 
taken  place  for  either  lobed  injector  to  any  significant  degree. 
The  images  in  Fig.  9  for  a  moderate  air  speed 
(t)aa*t;<,fc=4.5  m/s)  and  higher  injectant  velocity 
(Vf/Vaa-2)  in  genera]  are  similar  to  PUF  images  for  other 
flow  conditions,  but  there  are  a  few  important  differences. 
Because  the  flow  rate  of  COj  injectant  is  higher  than  that  of 
air,  injectant  in  the  peaks  and  troughs  of  the  lobed  injectors 
persisted  much  further  downstream  in  case  II  flows  than  in 
cases  I  or  III.  This  is  especially  evident  in  Fig.  9(b)  for  lobed 
injector  B.  The  higher  injectant  flow  rate  also  acts  to  increase 
the  generation  of  vorticity  oriented  normal  to  the  streamwise 
direction;  this  can  also  assist  with  fuel-air  mixing. 

Quantitative  mixing  and  strain  field  data  may  be  ex¬ 
tracted  from  mixture  fraction  images  such  as  those  shown  in 
Rgs.  5-9.  Figures  10(a)-(d)  show  the  downstream  evolution 
of  unmixedness  U  for  several  different  cases  of  matched  and 
unmatched  air  and  fuel  flow  rates.  As  noted  above,  the  inter¬ 
rogation  areas  for  the  computation  of  unmixedness  were  cho¬ 
sen  to  include  one  sidewall  of  each  lobed  injector,  for  com¬ 
parison  with  unmixedness  in  an  equal  length  of  the  straight 
injector  C.  Results  for  interrogation  areas  which  included  the 
whole  injector  flowfleld  (with  differing  interrogation  widths 
to  match  interfacial  lengths  and  fluid  areas)  gave  similar  re¬ 
sults  for  unmixedness.  Each  data  point  in  Figs.  ]0(a)-(d)  is 
an  average  of  four  to  six  instantaneous  PLIF  images  for  the 
same  flow  conditions. 

In  all  high  flow  rate  cases  [Figs.  10(a)-(c)],  the  lobed 
injectors  appeared  generally  to  produce  a  lower  overall  un¬ 


mixedness  (i.e.,  greater  mixing)  at  each  downstream  location 
compared  with  the  straight  injeaor.  Interestingly,  for  these 
high  flow  rate  cases,  the  unmixedness  for  both  lobed  injec¬ 
tors  was  roughly  die  same  near  the  exit  [in  Fig.  10(b)  injector 
A  had  a  somewhat  higher  unmixedness]  and  the  unmixed¬ 
ness  for  the  lobed  injectors  was  generally  lower  than  for  the 
straight  injector  in  the  farfield.  This  suggests  that  initial 
streamwise  vorticity  generation  by  the  lobed  injectors  did 
assist  in  increased  initial  mixing  of  injectant  with  surround¬ 
ing  air.  Near  a  downstream  location  of  x  »  35-45  mm,  how¬ 
ever,  the  five-lobed  injects  A  consistently  produced  a  more 
rapid  drop  in  U  than  dd  the  duee-lobed  injector  B.  Acetone 
PLIF  images  (e.g.,  in  Figs.  5  and  6)  indicated  that,  upstream 
of  roughly  40  mm,  “fuel”  injectant  in  each  side  lobe  mixed 
with  air  fairly  independently  of  the  fuel  in  adjacent  side 
lobes,  whereas  downstream  of  40  mm,  fuel  from  adjacent 
side  lobes  in  injectw  A  appeared  to  interact.  The  fuel  in  the 
more  widely  separated  side  lobes  in  injector  B  did  not  ex¬ 
hibit  such  interaction  until  much  further  downstream,  if  at 
all.  Thus  the  sudden  increase  in  mixing  exhibited  by  injector 
A  could  have  arisen  flrom  the  transport  of  fuel  from  an  adja¬ 
cent  lobe  imo  the  interrogation  area  of  a  given  lobe.  Airflow 
velocity  mismatch  [Figs.  10(b)  and  10(c)]  appeared  to  yield 
somewhat  greater  mixing  than  for  equal  upper  and  lower  air 
speeds  in  both  lobed  injector  geometries.  This  finding  may 
be  consistent  with  the  observations  of  Yu  etal.'^  that  high 
turbulence  generation  occurs  much  sooner  for  mismatched 
air  flows  in  lobed  mixers  (especially  for  sawtooth  geometries 
similar  to  injector  A)  than  for  matched  air  flows. 

Lower  airspeeds  and  higher  injectant  velocities  [Fig. 
10(d)]  were  found  to  actually  produce  lower  downstream 
fluid  mixing  (increased  unmixedness)  for  the  lobed  injector 
geometries  than  for  the  straight  injector.  The  lower  axial  air 
speeds  for  the  flow  condition  here  reduced  the  magnitude  of 
secondary  velocities  in  the  lobes,  apparently  reducing  the 
initial  degree  of  mixing  by  streamwise  circulation  for  the 
lobed  injectors.  Beyond  this,  the  fuel-air  velocity  mismatch 
acted  to  increase  spanwise  vorticity  generation,  particularly 
for  the  straight  injector,  increasing  its  overall  degree  of  fluid 
mixing.  It  is  possible  that  the  increase  in  spanwise  vorticity 
for  the  lobed  injectors  was  inhibited  by  the  lobed  shape,  and 
hence  was  not  sufficient  to  increase  their  overall  mixing  as 
compared  with  that  for  injector  C. 

It  should  be  noted  that  for  all  three  injectors  the  unmix¬ 
edness  U  was  less  than  0.4  at  the  first  measurement  location, 
20  mm  downstream  of  the  injector  exit,  for  all  flow  condi¬ 
tions.  This  indicated  very  rq>id  initial  mixing.  In  this  respect 
the  lobed  injector  geometry  is  different  from  the  lobed  mixer 
geometry  studied  by  previous  researchers.'^"^'  In  the. lobed 
mixer  geometry  the  stirring  action  generated  by  the  lobe 
shape  must  penetrate  well  into  both  fluid  streams  before  sig¬ 
nificant  mixing  occurs.  In  the  lobed  injector  geometry,  how¬ 
ever,  fuel  is  injected  directly  into  the  region  of  streamwise 
vorticity  generation,  and  is  rapidly  mixed  with  and  diluted  by 
coflowing  air.  For  this  reason,  the  scalar  boundary  conditions 
for  the  dissipation  layers  must  be  carefully  evaluated  when 
estimating  fluid  mechanical  strain  rates,  as  noted  previously. 

The  local  scalar  dissipation  rate  x  along  strained  dissi¬ 
pation  contours  was  determined  as  described  previously 
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FIG.  8.  PUF  images  of  the  mixture  fraction  of  CO:  downstream  location  .t=60  mm  for  flow  condition  III  with  high  speed  flow  at  an  airflow  velocity 

ratio  wih  Veb-  Comparisons  are  made  among  injectors  A  (a).  B  (bK  and  C  (c).  Estimated  streamwise  circulations  arc  0. 1 15  and  0.171 

m^/s  for  injectors  A  and  B,  respectively. 


from  acetone  PLIF  images.  The  average  diffusiviiy  D  in  the 
present  experiments  was  taken  to  be  1.5  x  10“^  vrris.  Plots  of 
the  mean  value  of  x  this  contour  of  maximum  scalar 
gradient  at  a  given  downstream  location  are  shown  in  Figs. 
ll(a)-(d),  for  flow  conditions  corresponding  to  those  in 
Figs.  10(a)-(d),  respectively.  It  should  be  noted  that  in  the 
nearfield  (x  =  20-40  mm  downstream),  each  strained  dissi¬ 
pation  layer  was  resolved  by  5-7  pixels,  so  that  the  gradient 
Vf,  and  hence  were  probably  underestimated.  In  the 
farfield  (x=60- 100  mm),  layers  were  resolved  by  at  least  20 
pixels  and  hence  x  values  were  probably  more  accurate. 
Again  it  should  be  noted  that  the  sc^ar  dissipation  rates  were 
calculated  only  from  mixture  fraction  gradients  in  the  planes 
of  the  PLIF  images.  As  expected,  for  all  flow  conditions, 
scalar  dissipation  rates  for  the  lobed  injectors  tended  to  start 
out  relatively  high,  then  to  decay  due  to  viscous  dissipation 
with  downstream  distance.  For  straight  injector  C,  x 
vary  substantially  with  downstream  distance,  suggesting  no 
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significant  rollup  of  spanwise  vorticity  into  streamwise  vor¬ 
tical  structures  by  this  injector. 

In  contrast  to  the  results  for  unmixedne.ss.  at  high  as  well 
as  low  speeds  the  three-lobed  injector  B  appeared  to  create  a 
much  higher  mean  scalar  dissipation  rate  than  did  either 
lobed  injector  A  or  .straight  injector  C  in  nearly  all  cases  [a 
notable  exception  being  the  equal  flowrate  case  in  Fig. 
1 1  (a)].  This  observation  is  consistent  with  the  generally 
higher  effective  .streamwise  circulation  associated  with 
rounded  square  wave  lobes  as  in  injector  B  as  compared  with 
the  sinusoidal  injector  of  type  A  for  the  same  flow 
conditions.*^  The  fact  that  injector  B  tended  to  draw  fluid 
from  the  peaks  and  troughs  toward  the  inflection  points  more 
effectively  (in  the  PLIF  images)  provided  funher  evidence  of 
the  higher  degree  of  streamwise  vorticity  that  was  generated 
and  thus  the  higher  local  strain  rate.  That  the  average  scalar 
dissipation  rate  x  injector  A  decayed  to  even  lower  levels 
in  the  farfield  than  for  straight  injector  C  for  the  airspeed 
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FIG  9  PUF  imaees  of  the  mixture  fraction  of  CO,  at  the  downstream  location  jr=60  mm  for  flow  condition  11  with  low  speed  flow  at  a  fuel-to-air  «locity 
0.073  mVs  for  injectors  A  and  B.  respectively. 


mismatch  cases  [Figs.  11(b)  and  11(c)]  was  unexpected. 
While  airspeed  mismatch  appeared  to  assist  lobed  injector  B 
with  streamwise  vorticity  generation  and  vortex  rollup  [espe¬ 
cially  as  seen  in  Fig.  11(b)],  promoting  the  transport  of  in- 
jectant  from  peaks  and  troughs  to  inflection  regions,  airspeed 
mismatch  appeared  to  inhibit  initial  streamwise  vorticity 
generation  and  vortex  rollup  for  injector  A.  A  significant 
drop  in  ^  is  also  generally  seen  for  lobed  injector  B  in  the 
farfield.  The  very  high  initial  scalar  dissipation  rates  seen  for 
both  lobed  injectors  in  Fig.  1 1(d)  may  be  associated  with  the 
more  coherent,  laminar-like  rollup  of  vortices  seen  in  the 
PLIF  images  for  this  moderate  flow  condition  (see  Fig.  9). 

The  only  case  in  which  injector  B  did  not  create  a  higher 
mean  scalar  dissipation  rate  at  high  speeds  is  shown  in  Fig. 
11(a)  for  flow  condition  1.  As  seen  in  the  PLIF  images,  ve¬ 
locity  mismatch  in  this  flow  regime  (especially  for  condition 
III)  seemed  to  augment  the  (initial)  process  of  streamwise 


vortex  rollup  for  injector  B  and  hence  to  augment  fluid  me¬ 
chanical  strain.  This  could  explain  the  initial  and  overall 
drop  in  x  fo*"  injector  B  in  Fig.  1 1(a)  for  matched  airspeeds. 
The  equal  airspeed  condition  in  Fig.  1 1  (a)  did  cause  the  av¬ 
erage  scalar  dissipation  rate  field  generated  by  A  to  be  in¬ 
creased  above  that  for  the  other  flow  conditions  shown,  how¬ 
ever.  These  findings  for  injector  A  may  be  consistent  with 
the  observations  of  Yu  ei  al.'^  concerning  the  delay  in  vortex 
breakdown  for  matched  air  flows,  yet  the  observations  for 
injector  B  appeared  to  contradict  Yu  e/  n/.'s  results.  The  fact 
that  Yu  ei  al.'s  results  are  for  the  lobed  mixer  rather  than  the 
lobed  injector,  however,  may  point  to  fundamental  flowfield 
differences  between  the  two  configurations. 

DISCUSSION 

The  results  above  provide  information  with  respect  to 
mixing  and  scalar  energy  dissipation  characteristics  for  a 
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FIG.  10.  Local  uiunixedness  U  as  z  function  of  downstream  distance  x  (in  nun)  for  different  flow  conditions,  with  comparisons  made  among  injectors  A.  B. 
and  C;  (a)  Flow  condition  1  with  high  speed  air  flow  at  lU  m/s.  Estimated  streamwise  diculations  are  0.132  mr/s  and  0.195  m'/s  for  injectors  A  and  B. 
respectively,  (b)  Flow  condition  Hi  with  high  speed  flow  at  an  airflow  velocity  ratio  t;,*/0aa=4  with  0,*=  16  m/s.  Estimated  streamwise  circulations  are 
0.110  mVs  and  0.163  mVs  for  injectors  A  and  B.  respectively,  (c)  Row  condition  m  with  high  speed  flow  at  an  airflow  velocity  ratio  t\,^ /f.,„  =  6  with 
Vgt’’  18  m/s.  Estimated  streamwise  circulations  ate  0.1  IS  mVs  and  0.171  mVs  for  injectors  A  and  B,  respectively,  (d)  Row  condition  11  with  low  speed  flow 
at  a  fiiel'to-air  velocity  ratio  with  m/s.  Estimated  streamwise  circulations  are  0.049  m^/s  and  0.073  mVs  for  injectors  A  and  B. 

reflectively. 


lobed  injector  configuration.  It  is  seen  that,  for  local  fuel-air 
mixing  along  injector  lobes,  the  five-lobed  injector  A  consis¬ 
tently  mixed  fuel  and  air  more  rapidly  than  did  the  three- 
lobed  injector  B  or  straight  injector  C  at  high  speeds,  al¬ 
though  transport  of  injectant  from  adjacent  lobes  clearly 
played  a  role  in  this  quantification.  Yet  at  high  speeds  the 
scalar  dissipation  rate,  which  is  proportional  to  local  strain 
rate,  was  in  general  substantially  higher  for  injector  B  than 
for  the  other  two  injectors.  If  both  rapid  premixing  and  high 
strain  rates  are  required  for  ignition  delay  and  NO;,  reduction 
in  a  combustion  environment,  the  question  arises  as  to  which 
injector  might  be  optimal. 

In  examining  (2)  relating  strain  rate  and  scalar  dis¬ 
sipation  rate,  one  finds  that  high  strain  rates  can  occur  for 
large  scalar  dissipation  rates  x  ^ut  where  values  of 
I-)  may  be  close  to  (1,0)  or  are  roughly  symmetric  about 
High  strain  rates  are  also  possible  with  smaller  sca- 
Iv  dissipation  rates  if  values  of  (i.f ,  ^-)  differ  more  sig¬ 
nificantly  from  (1,0)  or  are  more  greatly  skewed  about  the 
value  of  If, .  In  the  present  study,  both  of  these  situations 
were  observed  for  lobed  injector  geometries.  The  five-lobed 


injector  A  mixed  fluid  more  rapidly,  diluting  values  of  £. 
and  |_  downstream,  but  did  not  necessarilj  generate  high 
values  of  x>  while  the  three-lobed  injector  B  mixed  less  rap¬ 
idly  but  could  generate  higher  scalar  dissipation  rates.  Esti¬ 
mates  of  strain  rate  at  80  mm  (where  there  was  sufficient 
dissipation  layer  resolution  to  compute  and  |-  with  some 
confidence)  confirmed  the  effects  of  these  trends.  For  the 
high  flow  speed  cases  considered,  the  strain  rates  in  the 
farfield  were  of  the  order  250-700  s" '  for  both  lobed  injec¬ 
tors  A  and  B,  and  were  of  the  order  300-400  s" '  for  the 
straight  injeaor  C.  At  80  mm  one  would  expect  the  average 
strain  field  to  have  relaxed  due  to  viscous  dissipation;  this 
suggests  that  strain  rates  in  the  nearlield  may  have  been 
higher,  perhaps  substantially  so.  than  in  the  farfield. 

The  critical  strain  rate  required  for  ignition  delay  of  a  0.6 
cm-thick  propane  fuel  strip  in  air^''*®  for  the  present  configu¬ 
ration  is  roughly  of  the  order  400  s~ Recall  that  the  strain 
rates  estimated  above  for  the  present  experiments  were  com¬ 
puted  from  only  two  components  of  the  gradient  in  mixture 
fraction  and  as  such  should  be  regarded  to  be  a  minimal 
prediction  of  farfield  strain  rate.  Hence  it  is  reasonable  to 
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FIG  1 1.  Mean  vahie  of  the  scalar  dissipation  rate  x  »lon8  contours  of  maximum  x  >  function  of  downstream  d'ffwe"* 

conations,  with  comparisons  made  among  injectois  A,  B.  and  C:  (a)  Row  condition  I  with  high  air  flw  at  1 U  Estimated  streamwise 

are  0 132  m^/s  and  0.195  mVs  for  injectors  A  and  B,  respectively,  (b)  How  condition  III  with  high  speed  flow  at  an  airflow  velocity  rauoo,*  v^c 

V  .-16  m/s.  Estimated  streamwise  circulations  are  0.1 10  mVs  and  0.163  m*/s  for  injectors  A  and  B.  respectively,  (c)  How  condition  HI  with  tagh  speed  flow 

at  an  airflow  velocity  ratio  ».»  /»„-6  with  t;,»- 18  m/s.  Estimated  streamwise  circulations  are  0.1 15  m  A  ^  0.171  m  /s  for  injects  A 

(d)  Flow  condition  D  with  low  speed  flow  at  a  fud-to-air  velocity  ratio  i(//»„=2  with  u„-u,»-4.5  m/s.  Estimated  streamwise  circulauons  are  0.049  m 

and  0.073  ro*/s  for  injectors  A  and  B,  respectively. 


esdmate  that  there  should  be  a  delay  of  ignition  in  the 
nearlield  region  of  a  lobed  fuel  injector  flowfield  due  to  high 
fluid  mechanical  straining,  and  quite  possibly  further  dotra- 
stream  as  well,  based  on  the  present  results.  As  seen  in  Figs. 
10(a)-(c),  this  region  just  downstream  of  the  injector  is  one 
during  which  fuel  and  air  can  strongly  mix  on  a  molecular 
level.  Thus  the  present  results  suggest  that  a  lobed  fuel  in¬ 
jector  is  likely  to  produce  substantially  premixed  flame  struc¬ 
tures,  more  so  than  in  a  non-lobed  injector,  which  is  more 
likely  to  ignite  stoichiometric  diffusion  flames. 

CONCLUDING  REMARKS 

The  present  experimental  study  has  demonstrated  the  po¬ 
tential  of  the  lobed  injector  flowfield  for  applications  to  a 
low-NO,  combustor.  Both  lobed  injector  designs  under  con¬ 
sideration  demonstrated  the  possibility  of  an  improvement  in 
mixing  over  a  straight  (non-lobed)  injector,  in  some  cases  by 
30%  or  more.  Fluid  mechanical  straiiung  of  the  fiiel-air  in¬ 
terface,  as  evidenced  by  scalar  dissipation  rates,  can  be  made 
sigruficantly  greater  for  the  lobed  injector  geometries  than 
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for  non-lobed  injection.  Although  accurate  values  of  strain 
rate  near  the  injection  plane  were  not  possible  in  the  present 
experiments,  farfield  strain  rates  were  sufficiently  high  to 
suggest  that  the  nearfield  strain  rates  (typically  higher)  will 
delay  ignition  of  the  fuel.  It  thus  seems  reasonable  to  expect 
that  flame  structures  that  form  in  the  lobed  fuel  injector  flow- 
field  would  be  detached,  locally  premixed  or  partially  pre¬ 
mixed  flames,  with  the  potential  for  lowered  NO  production. 
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NOx  EMISSIONS  FROM  A  LOBED  FUEL 
INJECTOR/BURNER 

M.  G.  Mitchell,  L.  L.  Smith,  A.  R.  Kaxagozian,  and  O.  I.  Smith 
University  of  California,  Los  Angeles,  CA  90095-1597 


Abstract 

The  present  experimental  study  examines  the  performance  of  a  novel  fuel  injector /burner 
configuration  with  respect  to  reduction  in  nitrogen  oxide  NOx  emissions.  The  lobed  injec¬ 
tor/burner  is  a  device  in  which  very  rapid  initial  mixing  of  reactants  can  occur  through 
strong  streamwise  vorticity  generation,  producing  high  fluid  mechanical  strain  rates  which 
can  delay  ignition  and  thus  prevent  the  formation  of  stoichiometric  diffusion  flames.  Further 
downstream  of  the  rapid  mixing  region,  this  flowfield  produces  a  reduced  effective  strain 
rate,  thus  allowing  ignition  to  occur  in  a  premixed  mode,  where  it  is  possible  for  combustion 
to  take  place  under  locally  lean  conditions,  potentially  reducing  NOx  emissions  from  the 
burner.  The  present  experiments  compare  NO/NO2/NOX  emissions  from  a  lobed  fuel  injec¬ 
tor  configuration  with  emissions  from  a  straight  fuel  injector  to  determine  the  net  effect  of 
streamwise  vorticity  generation.  Preliminary  results  show  that  the  lobed  injector  geometry 
can  produce  lean  premixed  flame  structures,  while  for  comparable  flow  conditions,  a  straight 
fuel  injector  geometry  produces  much  longer,  sooting  diffusion  flames  or  slightly  rich  pre¬ 
mixed  flames.  NOx  measurements  show  that  emissions  from  a  lobed  fuel  injector/burner 
can  be  made  significantly  lower  than  from  a  straight  fuel  injector  under  comparable  flow 
conditions. 


Introduction 

The  necessity  to  progressively  reduce  the  production  of  nitrogen  oxides  in  aircraft  com¬ 
bustion  processes  arises  both  from  legislated  and  anticipated  environmental  standards  and 
from  the  need  to  meet  public  environmental  concerns.  Because  NOx  formation  rates  in 
general  are  strongly  temperature  dependent,  it  becomes  effectively  prohibitive  for  the  com¬ 
bustion  of  fuel  to  take  place  near  its  stoichiometric  mixture  ratio,  a  fact  that  may  render 
nonpremixed  combustion  inappropriate  because  of  the  diffusion  flames  that  are  prevalent[l- 
5].  The  capability  to  mix  fuel  and  air  very  rapidly  relieves  this  problem  to  some  extent[3, 6]; 
with  rapid  mixing  the  formation  of  stoichiometric  diffusion  flames  is  discouraged  in  favor 
of  premixed  flames',  which  can  be  made  locally  lean  or  locally  rich  and  thus  reduce  NOx 
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einissions[5,8].  The  rapid  mixing  principle  is,  in  fact,  the  basis  of  two  low  NOx  burners  pro¬ 
posed  for  the  High  Speed  Civil  IVansport  (HSCT)  turbofan  engine  under  supersonic  flight 
conditions [7].  Partial  premixing  of  fuel  and  air  can  reduce  NO  emissions  due  to  a  reduction 
in  flame  temperature  and  reduction  in  species  residence  times[4, 6],  but  emissions  can  also 
increase  with  partial  prembdng  due  to  reduced  radiative  heat  loss,  which  effectively  increases 
flame  temperatures[6].  Thus  there  appear  to  exist  optimal  levels  of  partial  premixedness  for 
which  NOx  emissions  (as  well  as  emissions  of  CO  and  other  species)  can  be  minimized,  as 
recently  shown  by  Gore  and  Zhan[8]. 

The  rapid  miviTig  rates  required  to  accomplish  overall  NOx  reduction  in  combustors 
almost  invariably  necessitate  pressure  losses  in  both  the  fuel  and  air  streams,  which  may 
present  an  undesirable  consumption  of  pumping  power.  Moreover,  ultra  high  pressure  ratio 
engines  (60:1  or  greater)  with  turbine  inlet  temperatures  around  3000®  F,  proposed  for  the 
Advanced  Subsonic  Transport  Aircraft,  could  necessitate  combustor  equivalence  ratios  which 
are  relatively  high  (approaching  stoichiometric).  Thus,  rapid  mixing  could  become  essential 
in  advanced  aircraft  in  order  to  meet  emissions  goals. 

The  fundamental  goal  of  the  present  research  program  is  to  examine  the  combustion 
performance  of  a  novel  fuel  injector /burner  which  has  the  potential  for  significant  reduction 
in  nitrogen  oxide  emissions  when  compared  with  conventional  aircraft  burners.  The  lobed 
fuel  injector,  shown  schematically  in  Figure  1,  is  a  device  in  which  very  rapid  initial  mixing 
of  reactants  can  occur  through  streamwise  vorticity  generation[9],  producing  high  strain 
rates  which  can  delay  ignition[10-13].  This  streamwise  vorticity  is  created  by  oppositely 
oriented  secondary  flows  which  develop  along  the  sides  of  each  of  the  lobes;  these  flows  roll 
up  into  counter-rotating  vortical  structures  oriented  in  the  streamwise  direction.  Further 
downstream  of  the  development  of  the  vortical  structures,  the  strain  field  relaxes,  producing 
a  reduced  effective  strain  rate  and  potentially  allowing  ignition  to  occur  in  a  premixed  or 
partially  premixed  mode,  where  it  is  possible  for  combustion  to  take  place  under  locally  lean 
conditions.  This  rapid  premixing  before  ignition  may  potentially  reduce  NOx  emissions  from 
the  burner  under  specific  critical  conditions. 

The  general  principle  of  the  lobed  or  louvred  geometry  has  been  applied  to  two-stream 
mixing  in  turbofan  engines  using  a  single  corrugated  plate  or  interface  to  mix  initially  sepa¬ 
rated  fluids[14-21].  Strong  secondary  velocities  are  observed  near  the  exit  plane  of  the  lobed 
mixer,  which  evolve  into  a  sheet  of  streamwise  vorticity  and  eventually  coalesce  into  distinct 
streamwise  counter-rotating  vortices[18].  Further  downstream,  turbulent  breakdown  of  the 
streamwise  vortices  occurs,  the  location  of  which  is  dependent  on  the  ratio  of  streamwise 
velocities  on  either  side  of  the  mixer.  Vortex  breakdown  is  seen  by  Eckerle  et  cl.  [18]  to  be 
the  critical  phenomenon  that  significantly  enhances  turbulent  mixing  due  to  the  generation 
of  smaller  scale  turbulence  at  breakdown.  Yet  Yu  et  fl/.[21]  find  that  enhanced  mixing  can 
actually  occur  upstream  of  the  region  in  which  vortex  breakdown  occurs,  due  to  the  localized, 
rapid  production  of  turbulent  kinetic  energy. 

Combustion  in  a  lobed  mixer  geometry,  with  fuel  and  oxidizer  initially  separated  by  a 
single  lobed  splitter  plate,  has  also  been  studied  to  a  limited  extent[22-24].  When  using 
a  lobed  splitter  plate  the  flame  spread  angle  is  double  that  created  by  a  flat  splitter  plate. 
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indicating  enhanced  mixing  processes  and  an  increased  rate  of  flame  propagation[22].  Mixing 
rate  augmentation  due  to  the  addition  of  streamwise  vorticity  was  found  to  be  less  sensitive 
to  the  detrimental  effects  of  heat  release  than  the  mixing  rate  for  a  planar  shear  layer 
configuration[24]. 

For  combustor  applications,  the  lobed  injector  (Figure  1)  reported  in  the  present  paper 
has  several  potential  advantages  over  the  lobed  mixer.  First,  for  stoichiometries  which  require 
greater  proportions  of  air  than  of  fuel  (as  with  typical  hydrocarbon  fuels),  the  lobed  injector 
allows  large  flow  area  differences  between  fuel  and  air  without  loss  of  sjrametry  or  mixing 
effectiveness  of  the  lobes.  Second,  because  in  the  lobed  injector  fuel  is  injected  directly 
into  the  region  of  highest  strain  rates  and  greatest  vorticity,  all  of  the  fuel  is  mixed  with 
oxidizer  in  a  rapidly  straining  flow  field,  so  that  mixing  may  occur  under  conditions  near 
flame  extinction  or  ignition  delay.  Third,  when  a  thin  “strip”  of  fuel  is  sandwiched  between 
the  oxidizer,  ignition  delay  can  occur  at  smaller  strain  rates  than  when  fuel  and  oxidizer 
meet  at  only  one  independently  igniting  interface  [25];  hence  ignition  delay  could  be  easier 
to  achieve  in  a  lobed  injector  rather  than  a  lobed  mixer  geometry.  The  lobed  injector  also 
has  an  advantage  over  other  types  of  strongly  mixed  nonpremixed  combustors  in  that  energy 
losses  and  pressure  drop  are  small,  while  mixing  takes  place  over  a  comparatively  short 

distance[17].  . 

Recent  mixing  studies  for  the  non-reactive  lobed  injector  flowfield  by  our  group  indicate 
significant  increases  in  mixedness  and  scalar  dissipation  or  strain  rates  over  a  planar  geom¬ 
etry  [26].  These  studies  employ  planar  laser-induced  fluorescence  (PLIF)  imaging  of  seeded 
acetone  to  generate  spanwise  mixture  fraction  images  at  various  locations  downstream  of 
the  injector;  from  these  images,  local  unmixedness[27]  and  average  scalar  dissipation  rates 
are  determined,  from  which  strain  rates  may  be  estimated  (after  Bish  and  Dahm[28]).  The 
mixing  studies  show  that  strain  rates  can  be  created  in  the  farfield  of  the  injector  that  exceed 
those  required  for  ignition  prevention;  this  implies  that  strain  rates  in  the  near  field  of  the 
injector  could  be  even  higher,  potentially  able  to  delay  ignition  during  rapid  mixing.  Yet 
the  mixing  studies  also  show  that,  depending  on  the  specific  lobed  geometry,  the  mixing 
and  strain  field  characteristics  may  be  altered  substantially  for  a  given  injector  for  different 
flow  conditions.  The  purpose  of  the  present  work  is  to  examine  the  behavior  of  the  lobed 
injector  under  combustion  conditions,  specifically  monitoring  NOx  emissions  from  the  device 
to  demonstrate  its  potential  for  mixing  enhancement  and  emissions  reduction. 

Experimental  Facility  and  Methods 

In  the  present  experiments,  two  different  planar  fuel  injector  geometries  were  studied 
in  a  low  speed  combustion  tunnel.  The  tunnel’s  square  test  section  had  9.5  cm  sides;  a. 
schematic  of  the  combustion  tunnel  is  shown  in  Figure  2.  A  compressor  was  used  to  pass  air 
through  the  combustion  tunnel  at  speeds  between  2  and  7  m/s  in  the  test  section.  The  tunnel 
entrance  contained  a  honeycomb  section  to  straighten  the  flow,  followed  by  a  contraction 
section  of  4:1  area  ratio.  Quartz  windows  were  fitted  in  the  two  vertical  side  walls  of  the 
test  section  and  at  the  downstream  end  of  the  wind  tunnel  (in  a  plane  perpendicular  to  the 
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bulk  flow)  for  optical  access.  Movable  rearward-facing  steps  were  used  in  the  combustion 
tunnel  as  flameholders;  these  steps  were  placed  flush  with  the  upper  and  lower  walls  of  the 
test  section  and  were  oriented  perpendicularly  with  respect  to  the  fuel  injector.  The  design 
of  the  flameholders  was  such  that  the  rearward-facing  steps  could  only  be  brought  to  within 
6  cm  of  the  fuel  injector. 

Two  different  fuel  injectors  were  studied  in  this  combustion  tunnel;  exit  plane  geometries 
are  shown  schematically  in  Figure  3.  Propane  fuel  was  used  in  all  experiments  described 
here.  The  lobed  injector  A  was  constructed  of  aluminum  using  an  electron  discharge 
machining  (EDM)  device.  It  was  constructed  of  two  plates  whidi  were  planar  and  parallel  at 
the  upstream  edge  and  sinusoidally  corrugated  (lobed)  at  the  downstream  edge.  The  plates 
were  separated  by  a  small  gap  (on  average,  0.071  cm  at  the  downstream  exit  plane)  through 
which  fuel  surrogate  flowed;  the  wall  thickness  at  the  exit  was  approximately  0.038  cm.  It 
should  be  noted  that,  due  to  machining  inaccuracies,  the  gap  width  and  wall  thickness  of 
this  injector  did  vary  along  the  exit  plane  lobes.  Both  thicknesses  became  more  than  twice 
the  nominal  value  at  the  peaks  and  troughs  of  the  sine  wave.  The  wavelength  A  of  the 
lobes  was  1.905  cm,  and  the  peak-to-peak  amplitude  at  the  exit  was  3.721  cm.  The  injector 
had  five  lobes  and  spanned  the  width  of  the  wind  tunnel;  it  was  15.2  cm  in  length  (in  the 
direction  of  flow),  so  that  the  lobes  grew  at  a  constant  ramp  half-angle  of  approximately  7°. 
Fuel  injector  B  was  a  straight  slot  injector  with  a  slot  width  of  0.056  cm  and  with  a  wall 
thickness  of  0.127  cm  at  the  exit  plane.  There  was  no  aerodynamic  loading  for  injector  B, 
and  hence  the  principal  mechanism  for  streamwise  vorticity  generation  was  removed.  We 
examined  this  configuration  in  an  attempt  to  isolate  the  effects  of  the  lobes’  streamwise 
vorticity  generation  on  mixing  from  the  effects  of  spanwise  vorticity  generation  arising  from 
the  Kelvin-Helmholtz  instability  (when  the  upper  and  lower  air  flow  velocities  were  unequal) 
and  from  the  wakes  caused  by  the  finite  thickness  of  the  injector  walls.  The  comparison  of 
injectors  A  and  B  here  is  analogous  to  the  comparison  of  a  “petal”  shaped  fuel  injector[29] 
with  a  circular  fuel  injector. 

The  two  fuel  injectors  were  each  tested  in  the  combustion  tunnel  for  different  sets  of 
operating  conditions.  In  the  experiments  described  here,  the  axial  velocities  of  the  air  streams 
(above  and  below  the  injector)  were  matched,  where  the  fuel  exit  velocity  was  varied  to 
produce  different  overall  equivalence  ratios  for  the  tunnel.  It  should  be  noted  that  the 
overall  equivalence  ratio  actually  has  little  bearing  on  the  injector  performance  since  the 
local  reaction  takes  place  under  local  stoichiometric  conditions;  depending  on  the  degree  of 
entrainment  of  species,  local  stoichiometric  conditiosn  could  be  vastly  different  from  global 
conditions. 

A  chemiluminescent  NO  —  NOx  analyzer  (Thermo  Environmental  lOAR  Chemilumines¬ 
cent  NO  —  NOx  Gas  Analyzer)  was  used  to  measure  the  NO  and  NO2  emissions  from  the 
combustor.  The  analyzer  generated  ozone  (O3)  and  then  mixed  it  with  the  sampled  gases 
in  a  reaction  chamber.  As  a  result  of  the  decay  of  electronically  excited  NO2  molecules 
produced  in  the  reaction 


NO  +  O3  — >  NO2  +  O2 
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a  chemiluminescent  signal  was  obtained  and  monitored  through  a  filter  by  a  high  sensitivity 
photomultiplier  tube  (PMT).  The  output  of  the  photomultiplier  tube  was  linearly  propor¬ 
tional  to  the  NO  concentration.  In  order  to  help  minimize  calibration -drift,  a  two  pomt 
calibration  was  performed  at  each  combustor  operating  condition  where  NO^  emissions  were 
measured.  A  gas  cylinder  of  certified  99.999%  iVj  was  used  as  the  zero  gas  and  a  gas  cylm<ter 
of  19.2  ppm  NO  in  He  from  Matheson  Gas  Products  was  used  as  the  calibrating  gas.  NO2 
emissions  were  measured  by  thermally  converting  NO2  into  NO  (prior  to  the  reaction  wth 
O3)  then  determining  the  difference  between  the  strength  of  this  PMT  signal  and  the  NO 

measurement  which  had  no  thermal  conversion. 

The  probe  from  the  NO*  analyzer  was  placed  well  into  the  exhaust,  downstream  of  the 

flame  zones.  Standard  normalization  of  the  NO  and  NO2  emissions  was  made  per  kg  of  fuel 
burned  on  a  dry  basis.  The  emissions  index  of  NOx  was  then  assumed  to  be  equal  to  the 
sum  of  those  for  NO  and  for  NO2  made  in  the  emissions  measurements.  In  the  near  future, 
planar  laser-induced  fluorescence  (PLIF)  imaging  of  OH  in  the  reaction  zone  will  also  be 
performed  in  order  to  better  quantify  reactive  processes  in  the  flame  zone. 


Results 

Preliminary  results  from  the  present  combustion  experiments  show  dramatic  differences 
in  the  visual  structure  of  the  flames  formed  in  the  combustion  tunnel.  For  identical  flow 
conditions  (bulk  air  speeds  and  equivalence  ratios),  the  lobed  injector  flames  were  bright 
blue  in  color,  spanning  the  entire  width  of  the  flameholders,  indicating  the  presence  of  lean 
premixed  flames.  The  flames  associated  with  the  straight  injector  consisted  of  two  distinct 
diffusion  flame  sheets,  spreading  toward  the  walls  to  become  yellow  further  downstream. 
Even  the  visible  flame  characteristics  indicated  a  substantial  degree  of  mixing  of  fuel  and  air 
downstream  of  the  lobed  fuel  injector,  creating  locally  lean  premixed  or  partially  premixed 
flame  structures.  No  substantial  fuel-air  mixing  is  observable  within  the  test  section  for  the 
straight  injector;  the  flames  themselves  exist  well  into  the  plenum  and  occasionally  into  the 
exhaust  section  of  the  combustion  tunnel. 

Figure  4  shows  plots  of  the  emission  indices  for  NO,  NO2,  and  NOx  as  a  function  of 
overall  equivalence  ratio  for  both  injectors  under  low  speed  conditions.  Again,  the  overall 
equivalence  ratio  <t>  was  based  on  the  mass  flow  rates  of  fuel  and  air  that  were  introduced  into 
the  tunnel-  <j>  actually  had  little  relevance  to  the  local  stoichiometry  of  the  flame  structures 
that  form  since  local  ignition  can  potentially  take  place  in  diffusion  flame,  lean  premixed,  or 
rich  premixed  flame  modes.  Results  in  Figure  4  demonstrate  that  the  lobed  fuel  injector  could 
actually  produce  lower  emissions  of  NO  and  overall  NOx  than  could  a  straight  (non-lobed) 
fuel  injector  under  equivalent  conditions.  At  the  same  overall  equivdence  ratio,  NO  emissions 
from  the  lobed  injector  were  substantially  lower  than  from  the  straight  injector,  indicating  a 
much  greater  degree  of  mixing  of  the  fuel  with  air  and,  locally,  a  much  leaner  reaction.  An 
overall  equivalence  ratio  just  above  0.5  appeared  to  produce  a  maximum  in  NO  production 
for  the  lobed  injector;  this  indicated  that  the  local  equivalence  ratio  associated  with  the 
strained  flame  structures  was  likely  close  to  unity  at  this  condition.  NO  emissions  dropped 
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with  decreasing  overall  ^  for  the  straight  injector  as  well,  indicating  that  this  reaction  may 
have  been  slightly  premixed,  but  the  magnitude  of  the  emissions  index  indicated  that  this 
premixing  was  not  substantial. 

As  overall  equivalence  ratio  was  reduced  in  Figure  4  for  the  lobed  injector,  NO2  produc¬ 
tion  peaked  and  then  dropped,  while  for  the  straight  injector  NO2  increased  monotonically. 
Assuming  that  NO2  formed  due  to  the  reaction  of  NO  with  oxygen-containing  species  near 
the  flame  and  in  the  post-flame  regions,  it  appeared  that  the  ^  0-4  condition  may  have 
maximized  entrainment  of  air  into  the  flame/mixing  zones  for  the  lobed  injector,  thus  form¬ 
ing  higher  NO2  concentrations.  On  the  other  hand,  air  entrainment  into  the  flame  zone 
simply  continued  to  increase  in  the  straight  injector  with  a  higher  air /fuel  velocity  ratio, 
leading  to  a  peak  in  NO2  at  lower  values  of  <l>.  The  nature  of  NO2  production  demonstrates 
the  sensitivity  of  the  fuel  injector /burner  system  to  the  evolution  of  the  mixing  field  and  the 
specific  tailoring  of  the  emissions  production  that  is  possible  with  the  lobed  injector. 

It  should  be  noted  that  equivalent  values  of  the  “overall  for  the  two  injectors  do  not 
mean  equivalent  injectant/air  velocity  ratios.  In  fact,  at  the  lower  overall  <j)  conditions 
near  0.35),  the  ratio  of  fuel  to  air  velocity  for  the  lobed  injector  A  is  approximately  1.0, 
while  the  ratio  for  the  straight  injector  is  about  2.5.  At  the  highest  overall  (j>  conditions 
{<i>  near  0.6),  the  ratio  of  fuel  to  air  velocity  for  the  lobed  injector  A  is  approximately  1.5, 
while  the  ratio  for  the  straight  injector  is  about  4.0.  Hence  the  local  fluid  mechanics  of  the 
Tniving  process,  in  particular  the  generation  of  spanwise  vorticity,  is  unequal  between  the 
two  injectors  despite  having  the  same  overall  equivalence  ratio. 

Figure  5  shows  the  emissions  indices  as  a  function  of  overall  (j)  for  the  lobed  fuel  injector, 
with  two  different  bulk  air  speeds.  Interestingly,  the  emissions  indices  for  all  three  species 
are  nearly  the  same  as  a  function  of  4>.  While  the  strain  field  and  degree  of  mixing  may 
increase  as  the  air  speed  increases  from  4.8  m/s  to  6.0  m/s,  any  additional  mixing  did  not 
appear  to  have  a  significant  effect  on  NOx  emissions.  These  two  different  conditions  may 
also  represent  the  self-similar  regions  of  the  flowfield,  which  could  explain  the  similarities  in 
the  emissions  characteristics. 

Figure  6  shows  emissions  indices  for  the  lobed  injector  under  the  same  (higher  speed)  op¬ 
erating  conditions  but  where  the  flame  holder  was  moved  from  a  position  6.0  cm  downstream 
of  the  injector  to  a  position  14.0  cm  downstream.  As  the  flameholder  was  moved  downstream, 
the  emissions  curves  actually  seemed  to  shift  to  the  right,  indicating  the  greater  degree  of 
fuel-air  mixing  that  appeared  to  take  place  further  downstream.  As  more  air  was  entrained 
into  the  fuel-air  mixture  with  downstream  distance,  the  mixture  became  more  lean;  hence 
when  ignition  occurred  at  the  downstream  flameholder,  it  was  in  a  leaner  premixed  mode  for 
the  lobed  injector.  This  condition  also  had  the  effect  of  slightly  increasing  NO2  production, 
since  the  greater  degree  of  air  entrainment  increased  the  NO2  formed  from  NO.  Nevertheless, 
at  given  operating  conditions  (i.e.,  flow  conditions  and  overall  <j>),  the  lobed  injector  flowfield 
demonstrated  an  increased  degree  of  mixing  downstream,  and  hence  a  lowered  rate  of  NO 
emissions. 


7 


Conclusions 


The  present  experiments  confirm  the  usefulness  of  the  lobed  fuel  injector  concept  as  a 
means  of  NOx  emission  reduction.  For  locally  lean  conditions,  rapid  fuel-air  mixing  by  the 
lobed  injector  flowfield  can  cause  lean  premixed  flame  structures  to  ignite  downstream,  thus 
reducing  flame  temperatures  and  simultaneously  reducing  NO  emissions.  The  alteration  in 
the  degree  of  local  air  entrainment  by  the  lobed  injector  can  also  be  used  to  maximize  NO2 
production.  Future  work  on  this  device  will  include  investigation  of  combustion  character¬ 
istics  associated  with  an  alternative  lobed  fuel  injector  (studied  also  in  [26])  and  detailed 
interrogation  of  the  flowfield  via  laser  diagnostics. 
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ViewA'A 


Figure  1.  Schematic  of  the  general  lobed  injector  geometry. 
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END  VIEW 


Figure  2.  Schematic  diagram  of  the  combustor  tunnel  and  experimental  apparatus. 


WAa  THICKNESS  0.038  cm 


Figure  3.  Compaxison  of  exit  plane  geometries  for  the  two  injectors  examined  in  the  present 
combustion  experiments:  lobed  fuel  injector  A  and  straight  fuel  injector  B. 
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NOx  Emissions 


Rame  Holder  @  6  cm.  Matched  Bulk  Air  Velocities  =  4,8  m/s 


Overall 


Figure  4.  Emissions  indices  for  NO,  NO2,  and  NOx  for  the  lobed  fuel  injector  (A)  and  the 
straight  fuel  injector  (B)  as  a  function  of  tunnel  overall  equivalence  ratio.  The  flameholder 
is  situated  6.0  cm  downstream  of  the  injector,  and  the  matched  bulk  air  speeds  are  4.8  m/s. 
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NOx  Emissions 


Overall  O 


Figure  5.  Emissions  indices  for  NO,  NO2,  and  NOx  for  the  lobed  fuel  injector  (A)  as  a 
function  of  tunnel  overall  equivalence  ratio  for  two  diflferent  matched  bulk  air  speeds:  4.8 
m/s  and  6.0  m/s.  The  flameholder  is  situated  6.0  cm  downstream  of  the  injector. 
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NOx  Emissions 


Overall  O 


Figure  6.  Emissions  indices  for  NO,  NO2,  and  NO*  for  the  lobed  fuel  injector  (A)  as  a 
function  of  tunnel  overall  equivalence  ratio  for  two  different  locations  of  the  flameholder:  6.0 
cm  and  14.0  cm  downstream  of  the  injector.  The  bulk  air  speed  is  6.0  m/s. 
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Igiiition  processes  associated  with  two  adjacent  fuel-oxidizer  int(*rfaces  Ixiunding  a  strained  fuel  strip 
are  explored  here  using  single-step  activation  energv'  asymptotics.  Calculations  ari»  mad(^  for  constant  as 
well  as  temporally  decasing  strain  fields.  Three  pos.sil>Ie  modes  of  ignition  are  determined:  one  in  which 
the  tss'o  interfaces  ignite  independently  as  difTusion  flames;  one  in  ss'hicli  the  tss'o  interfa«*s  ignite  de- 
pendently  and  in  which  ignition  may  he  augmenteil  by  strain  due  to  enhanced  thermal  ft^edhack:  and  one 
in  which  ignition  occurs  to  form  a  single,  premixed  flame  at  very  high  strain  rates  lx‘fon*  ignition  is 
c-onipletely  prevented.  In  c-ontrast  to  a  single,  isolated  interface  in  which  ignition  can  Ix^  prevented  h\ 
overmatching  heat  pro<luction  with  heat  c*onvection  due  to  strain,  ipiition  of  a  strained  fuel  strip  can  also 
be  prevented  if  the  finite  extent  of  fuel  is  diluted  by  oxidizer  more  (jiiickly  tluin  heat  pro<luction  can  cause 
a  positive  feedback  thermal  runaway.  Tliese  behaxiors  are  deptuulent  on  tlie  relative  sizes  of  timescales 
associated  with  species  and  heat  diffusion,  with  c-omection  due  to  strain,  and  with  the  chemical  reaction. 
The  results  here  indicate  that  adjacent,  strained  species  interfaces  may  ignite  quite  differenth  in  nature 
from  ignition  of  a  single,  strained  interface  and  that  their  intenlependence  should  be  considered  as  the 
interfaces  are  brought  closer  together  in  c-omplex  strain  fields.  Critical  strain  rates  leading  to  complete 
ignition  delay  are  found  to  Ix:*  c-onsiderably  smaller  for  the  fuel  strip  than  those  for  single  interfaces  as  the 
fuel  strip  is  made  thin  in  c-omparison  to  diffusion  and  cliemical  length  scales. 


Introduction 

Ignition  and  extinction  processes  associated  with 
a  single,  strained  fuel-air  interface  have  been  ex¬ 
amined  using  single-step  activation  energy*  a.s\inp- 
totics  [1-4]  as  well  as  reduced  kinetics  simulation  [5- 
7]  and  full  combustion  chemistry  simulation  [8,9]. 
These  processes  may  be  understood  in  tenns  of  the 
classic  “S-shaped  curve”  [2,3,10],  representing  the 
thermal  runaway  leading  to  ignition  as  strain  rate  is 
relaxed  and  flame  extinction  as  strain  rate  is  in¬ 
creased.  The  concept  of  ignition  delay  due  to  strain¬ 
ing  has  been  applied  to  a  variet)*  of  situations,  in¬ 
cluding  an  understanding  of  flame  liftoff  [4,11]  as 
well  as  ignition  delay  processes  in  jets,  shear  la\ers, 
and  vortical  structures  [6,12-14]. 

In  many  c-omplex  flow'  situations,  strained  fuel-air 
interfaces  form  [15]  and  are  brought  closely  together 
into  layerlike  turbulent  flow'  structures,  w'hich  may 
be  \iewed  as  alternating  fuel-oxidizer  strips  under¬ 
going  local  strain.  The.se  dissipation  and  reaction  lay¬ 
ers  are  comprised  of  laminar  “flamelets,”  which  are 
used  to  model  turbulent  non-premixed  combustion 
[16];  it  has  been  suggested  that  the  existenc-e  of  these 
layers  is  independent  of  the  extent  of  chemic-al  non¬ 
equilibrium  in  the  flow'  [17]. 

\Miereas  extinction  of  the  interfac-es  bounding  fi¬ 
nite  regions  of  fuel  has  been  considered  in  the  fiist 
chemistn'  limit  [18,19]  as  well  as  using  finite-rate 


chemistiy  [20]  due  to  fuel  biiniout.  the  interesting 
problem  of  ignition  delay  associated  with  a  strained 
fuel  layer,  bounded  b\’  oxidizing  species,  luis  not 
been  e.xplored  to  any  significant  degree.  It  is  of  in¬ 
terest  to  understand  how  the  ignition  priK-ess  is  af¬ 
fected  as  strained  interfaces  are  brought  closely  to¬ 
gether  and  l>ehave  dependent!)'.  If  critical  strain 
rates  leading  to  ignition  prevention  in  rivo  adjacent 
species  interfac-es  are  different  from  those  asscK-iated 
with  a  single  isolated  interfac-e.  the  problem  can  liax  e 
relevance  to  ignition  delax-  (and  e\entuall\  NO^ 
emissions  reduction,  for  e.xample  [21])  for  turbulent 
flow's  in  which  fuel  and  air  mix  and  bum.  Tiiese  is¬ 
sues  are  w'hat  motivate  the  present  stud)  of  ignition 
delay  in  strained  fuel  kyers  \ia  activation  energ) 
asxinptotics  and  a  related,  though  preliminar).  stiuK 
using  a  full  kinetics  mechanism  [22],  The  strained 
fuel  strip  is  in  fac-t  a  c-onqionent  of  a  low-NO^.  lobed 
fuel  injector  currently  under  e.xamination  [23]. 

Model  Description  and  Solution  Proc-cdure 

One-step  activation  energ)- ityniptotics  lends  itstdi* 
w'ell  to  the  problem  of  the  ignition  d)*namics  of  the 
strained  fuel  strip  or  layer.  Formulation  of  the  pro!)- 
lem  may  pnK-eed  in  the  same  manner  as  in  Ihd*.  6. 
with  an  alteration  of  the  iKiundan  amditions  to  rep¬ 
resent  the  adjacent  layers  and  finite  extimt  of  I'lud 
pre.sent.  Tlu‘  strained  fuel  strip  problem  is  richer 
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LAMINAR  DIFFUSION  FLAMES 


Oxidizer 
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FlC.  1.  Geometry  of  Ae  strained  fuel  strip  problem, 
where  is  Ae  initial  strip  Aidoiess.  The  str^  is  e^)osed 
to  Ae  temporally  evolving  strain  rate  e(t)  A  general. 


from  a  phenomenolc^cal  point  of  view  Aan  is  ig¬ 
nition  ca  Ae  sin^e  dinusion  flame  m  Aat  adAtioxid 
modes  of  igoitkm  are  possible,  as  will  be  described 
below. 

As  done  by  cariier  researchers  [2-4,6],  a  finite- 
rate,  Aermally  controlled,  single-step  chemical  re¬ 
action  is  assumed  to  follow  an  AiAenius  law  for  Ae 
reaction  rate 


(1) 

wf  O 

This  chemical  model  is  adequate  as  a  first  approxi¬ 
mation  for  ignition  behavior  even  Aou^  transient 
ignition  appears  to  be  first  controlled  by  elementary 
process  initiation  and  radical  pool  formation  reac¬ 
tions  before  Aermal  feedback  ensues  [9].  As  noted 
byThdveninandCandel  [6],  Ae  reaction  paiamc^ 
may  be  estimated  fiom  the  literature  for  premixed 
situations  by  matdiing  flame  propagation  speeds 
from  detailed  kinetics  computations  to  experiments 
[24].  In  Ae  present  analy^,  Aese  parameters  are 
used  A  scaling  factors,  so  their  numerical  values  are 
important  in  determining  dimensional  values  for 
critic^  strain  rates,  cirtical  strip  widths,  and  ignite 
delay  times.  AlAou^  Ae  actual  values  of  activation 
energy  and  the  pre-exronential  ArAenius  factor  are 
not  accurate^  quantmed  due  to  strong  variations 
wiA  experimental  conAtions,  Ae  estimates  should 
be  adequate  as  a  first  approximation  for  ignition  pro¬ 
cesses  tor  two  adjacent  Aterfaces.  Whereas  spcxafic 
quantitative  results  for  critical  straA  rates,  etc.,  xn^ 
be  specified  more  accurate^r  usAg  a  fidl  kineto 
simulation  [22],  Ae  fundamental  modes  of  ignition 
of  Ae  fuel  strip  should  be  qiintoariocty  Ae  same  as 
fi^  an  exact  compuAtion. 

The  governAg  equations  firr  the  present  ignition 
problem  consist  of  several  sped^  conseryation 
equations  vid  Ae  energy  cemservaiion  equation  A 
Aermal  form.  The  geometry  for  Ae  stnAed  fuel 
strip  is  shown  A  Fig.  1,  wheic  Ae  initial  strip  half- 
Aideness  is  Altial  mass  fractions  of  fuel 

wiAA  Ae  strip  and  oxidizer  surroundAg  Ae  str^ 
axe  Yfo  Too*  respectively.  The  velodty  field  is 

specified  as  Aat  of  pure  straAAg,  wi  A  Ae  StraA  rate 

e(t)  prescribed;  this  is  initiated  at  time  t  »  0.  The 


dimensional  governAg  equations  may  be  manipu¬ 
lated  usAg  the  HowvA-Dorodnit^  transforma¬ 
tion  [25,26]  A  order  to  elinunate  density  variations 
A  the  problem;  A  employing  Ae  transformation,  Ae 
quantities  f^D  and  pk  are  considered  constants  [27], 
Pereas,  A  adAtion,  Ae  Lewis  number  is  t^en 
equal  to  one.  The  lo^  mass  fractions  of  fuel,  oxi- 
dtor,  and  products  are  scaled  by  Aeir  initial  con¬ 
Ations  as  *  Tf/Ffth  **  f/vqW 0)(Yo^ 

Yfo).  and  *  (vFTrF/vpVF)(Y./Y|qo),  respectively, 
and  that  fi>r  diluent  is  scaled  as  Yjy  *  [Y^  -  (1  - 
yoo)V(l  -  Yfo).  Yso  *  (^oo  ^  YroVd  " 

Yfo)-  The  nonAmensional  temperature  scale  is  cho¬ 
sen  here  to  take  Ae  form  *=  (T  —  Tqq)  (Cf/QYpoX 
WiA  Aese  transformations  and  scalAgs,  Ae  govern¬ 
Ag  equations  appear  A  vector  form  as 


(2) 


Four  Zeldovidi  composite  dependent  variables  m^ 
be  constructed  Aat  are  governed  by  Ae  same  ho¬ 
mogeneous  partial  differential  equation;  Aese  com¬ 
posite  variables  have  dosed-foim  solutions  A  terms 
of  Ae  error  function.  The  variables  are 


^  i^OO  ~  ^o) 

1  +  ^OO 


Zp 


Zq 


e-tp 

B 

0  +  'to  ^  ipo 
B  -  'too 


vAeieB  «  [Cpfr^  -  roo)WQTFo).ThesevariAlcs 
are  eadi  governed  by  Ae  homogeneous  form  of  £q. 
(2),  with  Ae  ini^  conditions  Z  =  1  within  Ae  fael 
sb^  and  Z  *  0  A  oxidizer  re^ons  for  all  species, 
Aat  is,  for  all  Z  *  Zf  =  Zo  -  Zp  =  Z^. 

Ihe  equation  gewernAg  temperature  variation  A 
Ae  problem  is 


(3) 

dr  P^Fo 

wiA  Ae  initial  conAtions  0  ®  A  dre  fuel  strip 
and  0^0  A  oxidizer  regions,  where  a  nonAmen¬ 
sional  heat  release  rate  x  ®  QYpo/cpToo  and  non¬ 
Amensional  temperature  Afference  ^  *  (Tro  - 
TooVToo  are  defined. 

Scales  of  time,  lengA,  and  vel^ty  become  im¬ 
portant  A  Ae  physied  interpretation  of  Ae  results. 
It  is  convenient  here  to  assign  a  timescale  tm  based 
on  Ac  chemical  reaction  and  to  use  Ae  Affusion 
coefficient  to  set  Ae  lengA  scale:  Im  *  The 
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chemical  reaction  time  is  taken  here  to  be  of  the 
fonn 

.  M) 

^^4iere  a  »  Tj/Too-  The  vplodly  scale  then  can  be 
defined  to  take  the  form  «  D/lrm- 

It  is  now  possible  to  evolve  an  asymptotic  solution 
to  the  governing  Eo.  (3)  decomposing  6  into  a 
frozen-flow  part  and  an  increment  in  temperature 
due  to  heat  release  the  reaction.  Lilian  [2]  deter¬ 
mined  that  the  temperature  increment  in  t^  expan¬ 
sion  is  of  order  T^o/Ta,  so  that  the  aqpansion  may 
be  written  as 

9.1(/iZ  +  |)  (5) 

A  governing  equation  in  the  temperature  variable  d 
ma}^  be  simplified  by  expanding  S  in  increasing  pow¬ 
ers  of  Ta/Tqo,  as  described  by  Lilian  and  Crespo  [3]. 
The  final  governing  equation  for  the  temperature 
variable  ii^  then  becomes 


tions  that  are  within  30%  of  the  asymptotic  solution 
given  below  and  qualitatively  with  ^e  same  features. 

The  asymptotic  solution  for  the  temperature  in¬ 
crement  d  (to  the  leading«order  approximation)  is 
computed  the  Crank-Nicolson  method,  with  a 
central  difference  ^proximation  for  the  source 
term.  The  computational  domain  is  defined  using 
the  cotangent  transform  from  physical  to  computa¬ 
tional  coordinates  in  order  to  maintain  appropriate 
conditions  at  infinity.  For  N  grid  points  (cWacter- 
istically  200  or  400),  a  tridiagonal  set  of  N  simulta¬ 
neous,  implicit  algebraic  equations  is  solved  by  New¬ 
ton's  method.  Analysis  shows  the  method  is  ac*curate 
to  second  order  bra  in  physical  and  temporal  c-o- 
ordinates.  A  final  tolerance  parameter  is  us^  to  test 
for  thermal  runaway  at  ignition  or  for  the  suppres¬ 
sion  of  ignition  by  high  straining:  if  d  max,{d)/Jf  > 
10“®,  the  ignition  condition  is  met;  otheT%vise,  the 
maximum  temperature  is  level  and  ignition  is  ob¬ 
served  to  be  suppressed. 


Results 


-f  ^  Z(1  -Z)e<^€^  (6) 

dt 

where  the  temporal  variable  f  »  t/trm,  the  ^atial 
variable  y  ®  y/tm,  etc.  In  transformed  coordinates, 
the  governing  equation  in  Z  becomes 

~  +  u-tZ  -  »  0  (7) 

dt 

The  governing  Eqs.  (6)  and  (7)  may  be  solved  sub¬ 
ject  to  the  flow,  boundary,  and  initial  conditions  out¬ 
lined  previously.  In  the  transformed  coordinates  for 
this  one-dimensional  problem,  all  spatial  derivatives, 
except  in  the  y  direction,  are  zero.  A  dimensionless 
strain  rate  may  be  defined  as  ?  »  uhile  a  non- 
dimensional  fuel  strip  thickness  is  »  yjlm- 
The  solution  for  the  homogeneous  problem  in  Z, 
(7),  is  found  an  analysis  after  Carrier  et  al. 
[15]  and  Maihle  [18],  noting  that  a  transformation 
for  time  is  requir^  for  the  imposed  normal  strain 
field: 


Z{y,t) 


1  I  J  (V  Vr,)expLfU(0A]  \ 
2 \2(/b  exp(2  /S  Hi)  dt)  £5)W 

_  y  (g  -  vJe^Lf^(t)A] 
^\2(/b  exp[2  /^(t)  dt]  J 


(8) 


The  solution  for  Eq.  (6)  in  d  must  be  found  numer- 
iodly  due  to  the  presence  of  the  nonlinear  thermal 
source  term.  This  asymptotic  form,  in  which  the 
source  varies  like  exp  (^),  will  be  described  here, 
although  the  full  form  of  the  governing  equation,  in 
which  the  source  term  varies  like  exp  (1  -  1/d),  has 
also  been  solved  numerically  [28]  and  yields  solu¬ 


The  present  method  is  validated  by  examining  the 
well-studied  problem  of  a  single  flame  in  a  field  of 
constant  straining,  for  example,  as  in  Ref.  6.  As  ex¬ 
pected,  for  increasing  strain  rates,  increasing  periods 
of  time  are  necessai}»  to  generate  a  thermal  runa^\’a^^ 
and  at  critical  strain  rates,  no  thermal  runawa\-  is 
observed,  and  ignition  is  prevented. 

Calculations  lor  ignition  of  strained  fuel  strips  of 
a  given  initial  thickness  and  with  a  constant  rate  of 
straining  produce  time-dependent  heat  produc*tion 
disbributions  as  plotted  in  Figs.  2a-2d  for  suc*ces- 
sh-ely  increasing  rates  of  strain.  A  rough  comparison 
of  conditions  leading  to  thermal  runa\\'ay  shovx's  that 
increasing  strain  rate  slightl)*  increases  ignition  delay 
time  and  that  above  a  critical  rate  of  strain  (here,  i 
0.5),  ignition  will  not  occur,  as  ma\-  be  expec-ted. 

Closer  examination  of  these  results  reveals  inter¬ 
esting  details.  At  zero  or  low  rates  of  straining  for 
die  relatively  thick  fuel  strip  shown  (Fig.  2a),  there 
appear  to  be  two  independent  ignition  processes,  ex- 
himted  in  the  thermd  runaway  that  occurs  at  two 
distinct  kxations.  Although  the  detailed  processes 
leading  to  each  ignition  here  may,  depending  on  re¬ 
action  and  temperature  parameters,  in\t)l\  e  the  so- 
called  triple  flame  structure  [3,6],  as  found  in  nu¬ 
merical  solution  of  this  problem  [28],  each  process 
eventually  leads  to  ignition  of  two  diffusion  flames, 
each  separated  by  fuel  and  oxidizer.  As  strain  rate  is  , 
increased  (or  as  the  strip  is  made  thinner),  ignition 
processes  at  either  boundarx'  of  the  fuel  strip  begin 
to  interfere  with  each  other,  as  showm  in  Fig.  2b. 
Heat  produced  at  one  boundary*  diffuses  toward  the 
other,  creating  more  positive  feedback  in  lu^at  gen¬ 
eration.  Although  there  are  two  points  of  ipiition. 
thermal  runaway  occurs  in  a  depcuident  fashion.  As 
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Fic.  2.  E\t)Iution  of  the  nondimensional  heat  production 
rate  (and  possible  thermal  runaw’ay)  for  the  strained  fuel 
strip  \vith  dimensionless  thickness  tj,/lnn  *  ®  constant 
dimensionless  strain  rates  i  «  Initial  temperatures  of 
reactants  are  equal.  Cases  shown  are  for  (a)  2  *  0,  no 
strain,  \ielding  two  independent  ignition  locations;  (b)  £  = 
0.1,  \ielding  two  ignition  locations  with  interdependence 
of  ignition  boundaries;  {c)^  -  0.3,  rielding  one  single  (pre- 
mixed)  ignition  point;  and  (d)  £  ==  0.5,  rielding  strain  rates 
too  hij^i  to  allow  ignition  to  take  place. 

Strain  rate  is  increased  further  (or  strip  thickness  is 
r^uced),  this  interdependence  of  the  interfaces  is 
so  strong  that  thennal  runaway  can  <x.-cur  at  a  single 
point  on  the  centerline  of  the  strip  (see  Fig.  2c) 
rather  than  at  two  ignition  points.  This  single  ignition 
octmrs  at  the  centerline  of  the  strip  where  the  local 
fuel  concentration  is  at  a  inaxiinuin;  the  ignition  that 
follow's  must  tlierefore  be  at  least  partially  preinixed, 
although  it  is  possible  that,  after  ignition,  this  .single 
premixed  flame  ma)'  ev  olve  into  two  flames  that  sep¬ 
arate.  Finally,  for  veiy  high  rates  of  strain  and/or  rel¬ 
atively  thin  fuel  strips  (Fig.  2d),  complete  suppres¬ 
sion  of  ignition  is  oljsen  ed,  even  when  computed  to 
nondimensional  times  of  50  (not  showo).  The  re.sults 


yo^rxn 


Fig.  3,  Nondimensional  time  for  igtiition.  as  a 

function  of  dimensionless  initial  fuel  strip  tliickness  ij./Jrnr 
for  different  nondimensional  constant  strain  rate  values  £ 
m  The  c*ase  shown  is  for  identical  initial  fuel  and  ox¬ 
idizer  temperatures  (i.e.,  ^  =  0). 

shown  in  Figs.  2a-2d  are  pertinent  to  the  case  where 
fuel  and  oxidizer  temperatures  are  initially  equal 
=  0);  similar  behavior  is  obsen  ed  for  the  case  where 
0. 

These  results  have  intere.sting  implications  with 
respect  to  ignition  proc-esses  for  adjacent  fuel-oxi- 
dizer  interfac^es  in  a  stniin  field.  For  a  i.solated 
interfac*e,  ignition  c*an  lx*  prevented  (ac-c-ording  to 
the  therm  J  model)  by  ovennatching  heat  pnxluc- 
tion  with  heat  loss  through  c-onvec-tion  due  to  .strain¬ 
ing.  Ignition  of  the  Uvo  interfaces  Ixmnding  a  fuel 
strip  mav'  be  prevented  by  this  means  as  well  but 
may  also  lx*  preventetl  if  the  ftiel  is  diluted  by  the 
oxidizer  more  quickly  than  heat  prcHhiciion  can 
cause  a  positive  feedback  thennal  ninawiiy.  This 
phenomenon  is  exhibitetl  in  Fig.  3.  which  plots  di- 
meiisionle.s.s  ignition  time  function  of 

dimensionle.ss  initial  fuel  .strip  thickness  (j/,,//ni|l 
several  different  constant  .stniin  rates.  Even  at  zero 
straining,  there  is  a  minimum  diinensioiile.ss  strip 
thickness  («,,//„„  -  0.6)  lx»lovy  which  ignition  cUh*s 
not  <K*c*nr:  here,  the  fuel  strip  is  mixed  with  oxidizer 
much  more  qnicklv  than  heat  is  prixlnwl  for  ther- 
miJ  ninaway.  In  tlie  s;ime  figure  for  zem  strain  nite, 
at  large  strip  thickix^ses  (alxwe  !/„//«„  5).  the  non- 

dimensiomil  iprition  delay  time  is  aippn>xiinati*!y  the 
same  its  that  for  an  imstraineil,  single  diffusion  llaine: 

-  5.84.  Cunes  for  yx*w  its  well  its  nonzen> 
strain  rates  (e  =  ct^rn  =  0.1  and  0.3 >  show  a  ItKiil 
ininimnm  in  ignition  time  that  <Kx*nrs  its  i>ne  rt*thKx*s 
tilt*  strip  tliifkiK'ss.  for  exaiiipU*.  ftir  ijjin,,  -  5 
the  zero  stniin  ease  in  Fiji-  3.  Tliis  ininiininn  is 
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Fic.  4.  Contours  for  constant  nondimensional  ignition 
time,  mapped  on  the  strain  rate-strip  thickness 

plane,  (c/rriM  for  identical  initial  fuel  and  oxidizer 

temperatures  (i.e.,  p  =  0). 


caused  by  augmentation  of  the  thennaJ  feedback  cy¬ 
cle  at  each  boundan'  of  the  strip  due  to  heating  by 
the  opposite  boundan*  as  the  boundaries  approach 
each  other.  The  phenomenon  also  produces  the  un¬ 
usual  result  that,  for  certain  ranges  of  strip  thickness, 
ignition  delay  time  decreases  with  increasing  strain 
rate  (see  the  crossover  behveen  f  =  0  and  £  =  0.1 
curves).  The  observ’ation  is  unique  to  the  fuel  strip 
problem  in  which  interfaces  are  close  enough  to 
each  other  to  cause  augmentation  of  thermal  feed¬ 
back. 

The  dependence  of  ignition  delay  on  two  inde- 
ndent  xariables,  dimensionless  strip  thickness  yj 
and  dimensionless  strain  ratee  «  is  shown 
in  a  plot  of  contours  of  constant  ignition  time  in  Fig. 
4.  The  initial  ternwratures  of  the  fuel  and  oxidizer 
streams  are  held  identic*al  (p  *=  0),  but  again,  similar 
beha\ior  is  found  when  P^O.  The  contour  for 
t„„  =  5.84  corresponds  to  the  ignition  delax'  for  an 
unstrained  single  interface,  free  of  thermal  augmen¬ 
tation  effects  of  nearb\’  boundaries.  The  contour 
near  “  S  effectively  represents  the  limit  of 

maximum  straining  or  minimum  strip  thickness  that 
leads  to  ignition;  larger  ignition  times  produce  con¬ 
tours  ctiincident  with  this  limit. 

Several  of  the  contours  in  Fig.  4  produce  multiple 
vsiues  of  strain  rate  for  a  gi\en  initial  fuel  strip  thick¬ 
ness  and  a  gi\en  ignition  delay  time.  This  result  is 
consistent  with  intersecting  points  for  the  curves 
showTi  in  Fig.  3.  The  contours  in  Fig.  4  indicate  that, 
for  certain  initial  strip  tliickmesses  (say 
—  5.0),  as  one  increases  strain  rate  from  zero,  igni¬ 
tion  begins  to  be  delayed  (reaching  a  loc*al  maximum 
ignition  delay  time),  then  is  augmented  (reaching  a 
lcx.*al  minimum  ignition  delay  time),  then  is  further 
delayed  before  reaching  complete  ignition  preven¬ 
tion. 


These  loc*a]  minima  and  maxima  in  ignition  dclu) 
time  are  c^osely  associatt*d  xvith  the  aciiial  m(xle  of 
ignition  for  the  fuel  strip.  For  a  relath'ely  large  strip 
thickness,  as  strain  rate  begins  to  lie  increased  from 
zero,  the  resulting  ignition  delay  is  phenomenologi¬ 
cally  the  same  as  occurs  in  a  strained,  i.solated  inter¬ 
face;  when  ignition  does  cxciir,  the  flames  quickly 
become  diffusion  flames,  each  separating  reactants. 
Until  the  local  maximum  in  ignition  delay  time  is 
reached,  the  interfaces  ignite  mostly  independent!) 
of  each  other,  similar  to  the  manner  shown  in  Fig. 
2a.  After  this  local  maximum  is  reached,  as  strain  rate 
ctmtinues  to  be  increased,  ignition  delay  time  is  re¬ 
duced  due  to  tlie  augmentation  of  thermal  runaw  av 
by  adjacent  interfacial  heating.  Ignition  (Kcurring  in 
this  mode  forms  two  diffusion  flames  that  behave 
dependently,  as  shown  in  Fig.  2b.  After  a  local  min¬ 
imum  in  ignition  delay  time  is  reached,  increasing 
strain  rates  then  cause  an  increase  in  ignition  dela\ 
time  again.  The  interfaces  are  now  brought  so  close!) 
together  due  to  tlie  strain  field  and  fuel  and  oxidizer 
are  so  rapidly  diffused  into  one  another  that  ignition 
occurs  and  burning  is  sustained  as  a  single,  premixed 
flame  surface  (Fig.  2c).  Finally,  as  strain  rate  is  fur¬ 
ther  increased,  a  critical  strain  rate  is  reached  and 
ignition  is  complete!)’  prevented  (Fig.  2d). 

These  four  different  modes  of  ignition/nonipiition 
for  the  fuel  strip  exposed  to  a  cemstant  rate  of  strain 
are  represented  as  a  function  of  strain  rate  and  initial 
fuel  strip  thickmess  in  Fig.  5a.  The  modes  delineated 
in  the  figure  may  be  classified  as  no  ignition  (0).  sin¬ 
gle,  premixed  flame  ignition  (1),  double,  de]X*ndent 
dlfusion  flame  ignition  (2),  and  double,  indejxm- 
dent  diffusion  flame  ignition  (3).  Figure  5b  plots  the 
same  parameters  for  the  case  where  the  initial  fuel 
and  oxidizer  temperatures  are  unequal  {ap  —  2):  we 
see  here  a  similar  behaxior  to  the  ap  —  0  case.  W'hen 
the  fuel  temperature  is  increased  alxive  the  fixed 
tenijperature  of  the  oxidizer  at  a  given  fuel  strip 
thickness,  a  comparison  of  Figs.  5a  and  5h  indicates 
that  transitions  fmin  one  ignition  inode  to  another 
occur  at  increasingly  large  strain  rates.  This  is  an 
outcome  of  the  enhancement  of  thermal  feedliack 
and  runaway  with  increasing  fuel  temperature:  the 
ignition  process  is  sustiiined  at  higher  strain  rates 
(and  thinner  fuel  strips)  when  the  reac*tant.s  are  at 
unequal  temperatures.  \Mien  fuel  tenipeniture  is 
fi.\e<r  and  oxidizer  temperature  is  increased,  similar 
enhancement  of  tlienual  feetllwck  occurs,  due  to 
heating  of  the  fuel  hx*  the  oxidizer,  extending  the 
range  of  criticid  stniin  nit(*s  as  in  the  single  interface 
ignition  problem  [8]. 

Qinipiitations  for  a  fuel  strip  exposed  to  a  time- 
depeiKlent  rate  of  stniining  have  also  Ikvii  made. 
AmiK'sis  of  a  flame  deformed  In*  a  x-ortical  flinv  field 
[18,29]  show’s  that,  following  a  .short  adju.stinent 
time,  the*  nite  of  straining  of  any  part  of  th<*  flame 
interface  deeax-s  like  the  inxerse  of  time.  Thus,  in  the 
intere.st  of  exiunining  a  temporal!)  deeuxing  strain 
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Fic  5  Delineation  of  regions  for  different  modes  of 
ignition  in  a  strained  fuel  strip.  Regions  shoxvn  distinguish 
conditions  leading  to  mode  0  (ignition  prevention),  inode 
1  (single,  premixed  ignition),  mode  2  (two  dependents  ig¬ 
niting  interfaces),  and  mode  3  (two  independently  igniHng 
interfaces).  The  cases  here  are  for  (a)  idenHcal  initid  fiiel 

andoxidiaertemperatures.thatis.<i^  -  O.andlWaninitisU 
fijel  temperature  greater  than  that  of  oxidizer,  given  by  of 
-  2. 

field  relevant  to  complex.  tuAulent  reacting  flows, 
we  consider  the  strain  behavior 


in  contrast  to  the  constant  strain-rate  cuse  consid¬ 
ered  previously.  Tlie  analogom  mode  lioundaries  lor 
the  relaxing  strain  case  are  shown  in  Fig.  6.  with 
comparison  made  to  tire  constant  strain  boundaries 
with  identical  initial  temperatures  (Fig.  5a). 


Fic.  6.  Delineation  of  regions  for  different  modes  of 
ignition  in  a  strained  fuel  strip  with  a  reloxtng  strain  rate 
for  the  case  of  identical  initia]  fuel  and  oxidizer  tempera¬ 
tures  (i.e.,  P  *•  0).  Regions  shown  distinguish  conditions 
leading  to  mode  0  (ignition  prevention),  mode  1  (single, 
premixed  ignition),  mode  2  (two  dependently  igniting  in¬ 
terfaces),  and  mode  3  (two  independently  igniting  inter¬ 
faces).  Comparison  is  made  to  mode  boundaries  for  the 
constant  strain-rate  case. 


Wlien  the  strain  field  relaxes  for  a  single  interface, 
ignition  cannot  be  completebj  prev’ented  by  straining 
rince  at  some  time  the  rate  of  strain  will  have  relaxed 
to  the  unstrained  situation  and  ignition  wiU  occur. 
However,  a  fuel  strip  can  be  diluted  to  vere  low  con¬ 
centrations  before  uie  rate  of  strain  significantly  re¬ 
laxes  hence,  there  remain  limits  on  the  maximum 
iniHai  strain  rate  So  *at  allow  ignition  in  any  of  Ae 
particular  modes.  Thus,  4e  result  of  Jlowtiig  Ae 
Strain  rate  to  relax  is,  at  an)^  particular  strip  thickness, 
to  increase  the  initial  str^n  rate  Sq  P^^^hle  for  ig- 
nition  as  compared  wiA  strain  rate  for  the  coiistMt 
strain  case,  as  inAcated  in  Fig.  6.  As  expected,  Ae 
ignition  of  fuel  strips  of  increasing  vvidth  approaches 
that  of  an  isolated  boundary  in  the  relaxing  strmn 
hence.  Ae  maximum  initial  strain  rate  Cq  for 

ignition  will  increase  as  tjg/lm  “*  *•  .  j  u 

The  Afferent  modes  of  ignition  detemined  above 
depend  on  Ae  relaAe  sizes  of  Hmescales  assocnated 
WiA  the  foUowing  processes:  (1)  the  pr^«s  of  Af¬ 
fusion  and  heat  conduction  (timescale  yr,/D),  2)  Ae 
process  of  aA-ection  and  com-ection  (timeaale  yc) 
md  (3)  Ae  process  of  nonlinear,  positnv  feedback 
lieat  release  Wmical  timescale  t^).  If  the  process 
of  Affusion  and  heat  conduction  happens  most 
rmickh;  Aat  is.  if  Ae  physical  ten«h  ^-^e  is  small 
OT  the  Affusivit)'  D  is  large.  Ae  fuel  of  the  stnp  is 
Aspersed  or  the  heat  is  Assipated  before  igmfaon 
Clin  occur.  leaAng  to  Ae  “no-ignition”  mode,  like- 
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wise,  if  the  timescale  associated  with  advection  and 
convection  is  shortest,  that  is,  if  the  strain  rate  is  veiy 
high,  no  ignition  occurs.  If  the  heat-releasing  feed¬ 
back  process  is  quickest,  that  is,  if  the  chemi(^  time 
is  small,  the  independent,  double-diffusion  flame 
ignition  mode  can  occur.  >\iien  the  thermal  feed- 
Mck  process,  convection,  and  diffusion  occur  on 
similar  timescales,  the  double-dependent  or  pre- 
mixed  ignition  mode  can  occur  due  to  augmentation 
of  the  uierma!  process  caused  by  the  proximity  of 
the  boundaries  of  the  fuel  strip  and  me  resulting 
interdependence  of  heating  due  to  diffusion.  These 
scaling  arguments  are  borne  out  in  Figs.  5a  and  5b; 
further  details,  including  dimensional  '^ues  for  crit¬ 
ical  strain  rates,  may  be  found  in  Ref.  28. 


Summary  and  Conclusions 

Ignition  delay  associated  with  a  strained  fuel  strip 
has  been  computed  using  single-step  activation  en¬ 
ergy  asymptotics,  for  constant  as  well  as  temporally 
decaying  strain  fields.  Fuel  strip  ignition  behavior 
may  be  compared  qualitatively,  as  well  as  quantita¬ 
tively,  with  me  strained  single-interface  problem. 

For  a  single,  strained  diffusion  interlace  [2,3,6], 
ignition  may  be  delayed  or  prevented  by  excessive 
convection  of  heat  away  from  the  interface  due  to 
strain,  according  to  thermal  theory^,  or  due  to  greater 
convection  of  species  than  production  of  radicals  at 
the  interface,  according  to  finite,  multistep  kinetics 
calculations  [9].  For  two  strained  interfaces  bound¬ 
ing  a  fuel  strip  of  finite  extent,  ignition  mdx  be  de¬ 
layed  or  prevented  by  the  processes  above,  but  they 
may  also  take  place  due  to  excessive  diffusion  of  spe¬ 
cies  at  the  interface  when  compared  with  heat  or 
radical  production. 

This  difference  in  the  strained  fuel  strip  problem 
leads  to  three  possible  modes  of  ignition:  one  in 
which  the  two  interfaces  imite  independent!)'  as  dif¬ 
fusion  flames;  one  in  whi  A  tlie  two  interfaces  ignite 
dependently  and  in  which  ignition  msy  be  aug¬ 
mented  strain  due  to  enhanced  thermal  feedback; 
and  one  in  which  ignition  occurs  to  form  a  premixed, 
single  flame  at  very  hi^  strain  rates  before  ignition 
is  completely  prevents.  The  relative  timescales  as¬ 
sociated  widi  mffusion,  convection,  and  chemical  re¬ 
action  determine  which  mode  is  likely  to  occur  un¬ 
der  specified  conditions. 

Whereas  the  present  analysis  is  approximate  in 
terms  of  quantitative  prediction  of  these  physical 
scales  due  to  the  simplification  in  reaction  Idnetics, 
preliminary  calculations  with  a  full  kinetic  mecha¬ 
nism  replicate  the  different  modes  of  ignition  ob¬ 
served  here  [22].  These  calculations  (either  for  sim¬ 
plified  or  full  combustion  chemistry)  may  be  applied 
to  more  complex  flow  fields  in  which  closely  spaced, 
strained  ^species  interfaces  ignite,  bum.  and  extin¬ 
guish  dependently. 


Nomendature 


ucts 

k  heat  diffusion  coefficient 

k  pre-exponential  reaction  rate  coeffident 

reaction  length  scale 
Q  heat  release  rate 

t  time 

time  at  which  flame  ignites  or  thermal  runa- 
ws^occun 

time^e  associated  with  reaction 
T  temperature 

7^  activation  temperature 

V  molecular  weight  of  spedes 

initial  fuel  strip  half-thickness 
y  mass  fraction 

t  local  mass  fraction  scaled  b)' initial  conditions 

Z  Zeldovich  composite  variable 

Creek  Symbols 

nondimensional  temperature  difference 
{Tpo  —  Tooi^oo 
£  strain  rate 

E  dimensionless  strain  rate  *  et„n 

6  nondimensional  temperature  scale 

d  temperature  variable  defined  in  Eq.  (T ) 

p  gas  densit)' 

to  molar  reaction  rate 

Subscripts 
F  fuel 

FO  initial  fuel  conditions 

N  diluent 

O  oxidizer 

OO  initial  oxidizer  conditions 

P  product 
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COMMENTS 


A.  Ghoniem,  MIT,  USA.  Did  yon  find  a  relationship  be- 
n\'een  the  characteristic  extinction  strain  of  an  isolated 
flame  and  that  of  interacting  flames  surrounding  a  fuel 
strip? 

In  a  study  of  interacting  premLxed  flame  done  at  Sandia, 
they  reported  the  significant  role  of  Ho  concentration  and 
the  H  radicals  in  enhancing  the  burning  rate  before  total 
annilulation.  Did  you  observe  a  similar  effect  in  your  dt*- 
tailed  chemistn'  computations? 

Authors  Reply.  The  reladonship  between  a  characteris¬ 
tic  strain  rate  for  cx)mplete  ignition  prevention  in  an  i.so- 
lated  interface  and  that  for  two  adjacent  interfaces  can  be 
seen  to  an  extent  (non-dimensionally)  in  Figures  5al>.  In 
Figure  5a,  for  example,  for  the  limit  of  large  initial  strip 
thicknesses  {tji/lmX  the  boundar)*  adjacent  to  tlie  “no  ig- 
nitton**  (0)  mcMle  max'  be  interpreted  to  represent  the  con¬ 
dition  of  ignition  prexention  for  the  isolated  interface;  tlie 
otlier  c-unes,  of  course,  will  intersect  this  upper  boundary 
prior  to  the  asxwptote  (i.e.,  at  smaller  strip  thick7ies.ses). 
The  shape  of  this  upper  boundary  in  Figure  5a  nw^*  be 
\iewed  as  a  rough  approximation,  to  the  level  of  accuracy 
of  the  asymptotic  solution,  of  the  relationship  Iretween  the 
critical  non-^mensional  strain  rate  wbich  prevents  ignition 


for  the  fuel  strip  and  that  for  the  isolated  interiate.  An 
approximate  curve  fit  for  this  uppt‘r  Ixmndary  ifor  the  cuse 
of  ecjual  initial  temperatures  iis  in  Figure  5a)  takes  the  fonn 

g  =  .xp[;,  +  m^.)(y  +  ilny] 

where  b  =  -0.658  and  m  -  0.487  for  the  cimstant  stmin 
case  in  Figure  54i.  Tliis  functional  fonn,  with  different  txm- 
stants,  al.so  descrilx*s  tlu*  other  boinuliries  in  Figttres  5al>: 
the  relation  effectively  represents  conditions  wiiere  tlu*  dy  ¬ 
namic  thickness  of  tlie  fuel  strip  is  of  the  onler  of  the  dif¬ 
fusion  and/or  reaction  thickmess. 

In  more  recent  numericiil  simulations  of  the  strainetl 
Riel  strip  problem  ivring  a  full  propane-air  mechanism  |22]. 
we  do  see  evitleiite  tliat  relativeh*  thin  fuel  strips  (e.g..  r/„ 
»  0.25  mm)  at  moderate  ctmstant  strain  rates  te.g..  c  = 
500  sec~’)  Ignite  in  a  dependent  fashion  as  shown  in  the 
present  a.symptotic  study.  Under  spetific  conditions,  inter¬ 
faces  which  ipiite  deptMidentK*  tan  exhilrit  a  ninavvay  in 
the  fonnation  of  H  radicals  lH*fon*  tlM*nnal  ninmvay  cKxars. 
While  a  drop  in  H  concxuitration  tKxnrs  at  fuel  strip  hnni- 
out  or  dilfiision  flame  annihilation,  tlnw  is  simultaiu»oiisly 
u  sliarp  dropoff  in  the  burning  rate  prior  to  biimout.  con¬ 
sistent  with  classical  studu*s  [18]. 
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IGNITION,  BURNING,  AND  EXTINCTION  IN  A 
STRAINED  FUEL  STRIP  WITH  COMPLEX  KINETICS 

T.  Selerland  and  A.  R.  Karagozian 
Mechanical  and  Aerospace  Engineering  Department 
University  of  California,  Los  Angeles 


1  Abstract 

Flame  structure  and  ignition  and  extinction  processes  associated  with  a  strained  fuel 
strip  are  explored  numerically  using  detailed  transport  and  complex  kinetics  for  a  propane- 
air  reaction.  Ignition  modes  are  identified  that  are  similar  to  those  predicted  by  one-step 
activation  energy  as3rmptotics,  i.e.,  modes  in  which  difiusion  fiames  can  ignite  as  independent 
or  dependent  interfaces,  and  modes  in  which  single  premixed  or  partially  premixed  flames 
ignite  and  bum.  These  ignition  modes  are  found  to  be  dependent  on  critical  combinations 
of  strain  rate,  fuel  strip  thickness,  and  initial  reactant  temperatures.  The  formation  of 
NO/NO2  is  found  to  be  strongly  dependent  on  strain  rate  and  the  local  mixing  of  reactants 
which  occurs  as  a  consequence  of  strain.  Extinction  in  this  configuration  is  seen  to  occur 
due  to  fuel  consumption  by  adjacent  flames,  although  viscosity  is  seen  to  have  the  effect  of 
delaying  extinction  by  reducing  the  effective  straiin  rate  experienced  by  the  flames.  Response 
of  the  flames  to  oscillatory  strain  rates  is  seen  to  be  strongly  dependent  on  the  amplitude 
and  frequency  of  the  oscillation. 


2  Nomenclature 

Dij  binary  mass  diffiisivity  of  species  i  into  j 

NS  number  of  species 

Qg  x-component  of  heat  flux  vector 

Qy  y-component  of  heat  flux  vector 

T  temperature 

Wi  molecular  weight  of  species  k 

Yi  mass  fraction  of  species  i 

Cj,  specific  heat  at  constant  pressure  for  the  mixtuxe 

Cp,i  specific  heat  at  constant  pressure  for  species  i 

e  energy  of  the  mixture  per  unit  volume 
hi  enthalpy  per  unit  volume  of  species  i 
p  pressure 
t  time 

ti  velocity  in  x-direction 

V  velocity  in  y-direction 
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X  spatial  coordinate  along  the  strip 
y  spatial  coordinate  normal  to  the  strip 

7  ratio  of  specific  heats  of  the  mixture 

e  strain  rate 

Co  mean  strain  rate  for  oscillatory  straining 
€i  amplitude  of  the  oscillatory  strain  rate 

A  thermal  conductivity  of  the  mixture 

p  mixture  density 

r  stress  tensor 

u  frequency 

Ui  mass  production  rate  of  species  i 


3  Introduction 

Ignition  and  extinction  processes  associated  with  a  single  strained  fuel-air  interface  have 
been  examined  extensively  using  single  step  activation  energy  asymptotics  [1-4]  as  well  as 
reduced  kinetics  simulation[5, 6]  and  full  combustion  chemistry  simulation [7, 8).  These  pro¬ 
cesses  may  be  understood  in  a  global  sense  in  terms  of  the  “S-shaped  curve”  [2, 3, 9],  repre¬ 
senting  the  thermal  runaway  leading  to  ignition  as  strain  rate  is  relaxed  and  flame  extinction 
as  strain  rate  is  increased.  The  concept  of  ignition  delay  due  to  straining  has  been  applied 
to  a  variety  of  situations,  including  an  understanding  of  flame  liftoff[4, 10]  as  well  as  ignition 
delay  processes  in  jets,  shear  layers,  and  vortical  structures[6, 11-13]. 

In  many  complex  reacting  flow  situations,  strained  fuel-air  interfaces  form[14]  and  are 
brought  closely  together  into  layer-like  turbulent  flow  structures  which  may  be  viewed  as  al¬ 
ternating  fuel-oxidizer  strips  undergoing  local  strain  (e.g.,  as  represented  in  Figure  1).  These 
dissipation  and  reaction  layers  are  comprised  of  laminar  “flamelets”  which  have  been  used  to 
model  turbulent  non-premixed  combustion [15];  it  has  been  suggested  that  the  existence  of 
these  layers  is  independent  of  the  extent  of  diemical  non-equilibrium  in  the  flow[16].  Further, 
the  temporal  evolution  of  the  strain  field  has  been  shown  to  have  a  significant  effet  on  the 
ignition  and  evolution  of  flame  structures  in  complex  flowfields[6].  Effective  oscillations  in 
the  strain  field,  with  frequencies  of  the  order  of  the  eddy  turnover  time,  are  thus  particularly 
important  in  characterizing  turbulent  reactive  flows. 

The  effect  of  a  complex  flowfield  on  distorted  turbulent  dissipation  and  reaction  layers  as 
shown  in  Figure  1  can  be  studied  by  examining  the  simpler  geometry  of  the  planar  strained 
fuel  strip  surroimded  by  oxidizing  species,  shown  schematically  in  Figure  2.  While  extinction 
of  the  interfaces  bounding  the  strained  or  non-strained  fuel  has  been  considered[14, 17-19] 
due  to  fuel  burnout,  the  interesting  problem  of  ignition  delay  associated  with  a  strained  fuel 
layer  has  only  recently  been  studied  via  single  step  activation  energy  asymptotics  [20].  This 
study  examined  how  the  ignition  process  is  affected  as  species  interfaces  are  brought  closely 
together  due  to  straining.  Three  possible  modes  of  ignition  are  determined:  one  in  which  the 
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two  interfaces  ignite  independently  to  form  diffusion  flames,  one  in  which  the  two  interfaces 
ignite  in  a  dependent  fashion  and  in  which  ignition  may  be  actually  augmented  by  strain  due 
to  enhanced  thermal  feedback,  and  one  in  which  ignition  occurs  to  form  a  single,  premixed 
flame  at  very  high  strain  rates  before  ignition  is  completely  prevented.  In  contrast  to  a  single, 
isolated  interface  in  which  ignition  can  be  prevented  by  over-matching  heat  production  with 
heat  convection  due  to  strmn,  ignition  of  a  strained  fuel  strip  can  also  be  prevented  if  the 
finite  extent  of  fuel  is  diluted  by  oxidizer  more  quickly  than  heat  production  can  cause  a 
positive  feedback  thermal  runaway.  These  behaviors  are  dependent  on  the  relative  sizes  of 
time  scales  associated  with  species  and  heat  diffusion,  with  convection  due  to  strain,  and 
with  the  chemical  reaction.  Critical  strain  rates  leading  to  complete  ignition  delay  can  be 
considerably  smaller  for  the  fuel  strip  than  those  for  single  interfaces  as  the  fuel  strip  is  made 
thin  in  comparison  to  diffusion  and  chemical  length  scales. 

When  critical  strain  rates  leading  to  ignition  prevention  for  two  adjacent  species  interfaces 
are  smaller  than  those  required  to  delay  ignition  of  a  single  isolated  interface,  certain  benefits 
may  be  derived.  If  ignition  is  delayed  due  to  strain  in  a  turbulent  reactive  flow,  fuel  and  air 
can  experience  substantial  noixmg,  so  that  when  the  strain  field  reldxes,  ignition  may  occur 
in  a  locally  premixed,  potentially  lean  mode,  reducing  NOx  production  that  would  occur  in 
stoichiometric  diffusion  flames[21]). 

The  strained  fuel  strip  is  in  fact  a  component  of  a  low  NOx,  lobed  fuel  injector  currently 
under  examination  at  UCLA[22,23].  Streamwise  vorticity  generated  by  the  injector  creates 
a  flowfield  of  high  strain  rate,  acting  to  delay  the  ignition  of  injected  strips  of  fuel  into  a 
coflowing  airstream.  K  the  critical  strain  rate  to  delay  ignition  is  smaller  for  adjacent  fuel- 
air  interfaces  than  for  isolated  interfaces,  then  NOx  reduction  could  potentially  be  easier  to 
achieve  in  this  system  than  for  a  conventional  fuel  injector.  These  issues  are  what  motivated 
the  earlier  study  of  ignition  delay  in  strained  fuel  layers  via  activation  energy  asymptotics[20]; 
they  continue  to  motivate  the  present,  more  quantitative  study  which  examines  ignition, 
burning,  and  extinction  in  a  strained  propane  fuel  strip  surrounded  by  air  using  a  full  reaction 
mechanism. 


4  Problem  Formulation  and  Solution  Procedure 

The  geometry  of  the  strained  fuel  strip  problem  is  shown  in  Figure  2.  The  strain  rate 
e(t)  imposed  in  the  problem  is  formulated  through  boundary  conditions  as  y  -»•  +oo,  that 
is,  u(x,  y  -»•  -hoo,  t)  =  ex  and  v{x,  y  -»•  +oo,  t)  —  -ey.  It  should  be  noted  that  the  boundary 
conditions  as  y  ”Oo  are  the  same  as  those  at  y  ^oo  due  to  the  presence  of  air  in 
both  limits,  in  contrast  to  the  classical  counterflow  diffusion  flame  problem  with  differing 
initial  densities  of  fuel  and  air.  The  strained  fuel  strip  problem  is  actually  richer  from  a 
phenomenological  point  of  view  than  is  ignition  of  the  single  diffusion  flame  in  that  additional 
modes  of  ignition  are  possible,  as  noted  in  [20]. 

The  governing  equations  for  the  strained  foel  strip  problem  (mass,  momentum,  energy, 
and  species  conservation)  may  be  solved  in  general  in  the  present  scheme  in  conservative 
form: 
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0,  +  [f(u)]^  +  [(J(C7)]^  =  [F.(i?)]^  +  [<5.(i?)]^ + S  (1) 

where  the  vector  U,  the  convective  flux  vectors  F  and  G,  the  difiusive  flux  vectors  Fy  and 
Gy,  and  the  source  vector  S  are  defined  as  follows: 
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V  <^NS-l  J 


Mass  production  rate  terms  Wj  are  evaluated  in  (4)  in  standard  fashion,  assuming  an  Arrhenius- 
type  reaction  rate  coefficient  dependence  on  temperature.  Inviscid  as  well  as  viscous  forms 
of  the  equations  have  been  solved  in  one  and  two  dimensions,  respectively  [24]. 

If  a  one-dimensional,  inviscid  formulation  of  the  problem  is  made  with  a  low  Mach  number 
simplification[25-27],  so  that  spatial  variation  in  pressure  is  assumed  negligible  in  comparison 
with  temporal  variation,  the  problem  essentially  reduces  to  a  set  of  energy  and  species 
conservation  equations: 


Ut  +  [G(1?)]^  =  +  [G„(C?)]^  +  §+c 


(5) 
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where 


u  = 

^  e  ^ 
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where  the  heat  flux  component,  neglecting  radiative  heat  transfer,  is  given  by: 


ffS 

Qy  =  XTy  +  p  ^  hkDifm0^k)y  (®) 

k=l 

In  these  computations  all  physical  properties  of  the  various  species  are  assumed  to  be  func¬ 
tions  of  temperature  and  are  obtained  using  a  transport  package  within  CHEMKIN  II[28]. 

The  above  equations,  either  (1)  for  the  viscous  case  or  (5)  for  the  inviscid  case,  may 
be  solved  numerically.  The  energy  conservation  equation  is  solved  in  terms  of  the  energy 
per  unit  volume  e  (or  actually,  the  enthalpy  per  unit  mass,  h).  This  is  in  contrast  to  the 
common  assumption  of  a  “locally”  calorically  perfect  gas  where  h  =  CpT  is  assumed  m 
the  governing  equations,  employing  table  look-ups  to  obtain  the  dependence  of  Cp^i  for  each 
species  on  temperature  in  the  governing  equation  and  averaging  to  obtain  c^.  While  for 
many  combustion  problems  the  usual  approach  yields  accurate  results,  it  has  been  recently 
shown[29]  that  such  assumptions  in  the  vicinity  of  sharp  gradients  such  as  flames  can  yield 
errors  in  wave  speeds  and  hence  in  the  solution  of  the  problem.  The  present  approach  avoids 
this  difficulty. 

Formulation  of  the  ratio  of  specific  heats  for  the  mixture  of  gases  present  in  a  given 
computational  cell  is  done  so  as  to  avoid  thermodynamic  inconsistencies  in  the  presence  of 
contact  discontinuities.  These  inconsistencies  are  known  to  generate  temperature  spikes  and 
numerical  oscillations[30~32].  In  the  present  procedure  we  use  the  relation 


7  =  1  + 


NS 


n 


(9) 


for  the  ratio  of  specific  heats  of  the  gas  mixture  in  a  given  cell;  this  assumes  that  all  species 
Yk  with  molecular  weights  Wk  are  at  the  same  temperature  within  the  cell.  Although  this 
assumption  is  not  as  accurate  as  evolving  7  from  partial  pressures  of  the  species,  as  done  by 
Ton[32],  experience-has  shown  that  if  a  sharp  contact  surface  rapidly  fades  away  due  to  the 
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presence  of  highly  difiusive  species,  then  using  equation  (9)  will  result  in  confined  spikes  in 
temperature  for  only  very  short  periods  of  computational  time. 

The  method  of  operator  splitting  via  fractional  steps,  after  Yamenko[33],  is  employed  to 
solve  the  system  of  equations  (1)  or  (5).  This  procedure  enables  the  system  to  be  split  into 
two  separate  equations,  one  which  only  includes  the  advection-diflFusion  terms  and  one  which 
only  includes  the  reaction  rate  source  terms,  respectively: 


Ut  + 


(10) 


Ut^§  (11) 

An  equivalent  form  of  equations  (10)  and  (11)  may  be  written  for  the  inviscid  formuation 
of  the  problem,  equation  (5).  Each  relation  above  represents  a  set  of  equations  that  has 
been  studied  extensively.  The  present  method  uses  a  first-order  upwind  scheme[34]  to  solve 
the  inviscid  form  of  the  advection-diffusion  equation  (10)  and  the  second-order  McCormack 
predictor-corrector  scheme[35]  to  solve  (10)  in  the  full  viscous  form.  It  employs  a  stiff  ODE 
solver  (VODE[36],  an  improved  version  of  LSODE[37])  accompanied  by  the  CHEMKIN-II 
package[28]  to  solve  equation  (11). 

The  above  formulation  has  been  demonstrated  to  be  relatively  efficient  as  well  as  accurate 
in  its  prediction  of  the  structure  of  strained  diffusion  fiames  and  fuel  strips.  Grid  resolution 
studies  in  time  and  space  have  been  conducted[24].  The  general  numerical  methodology 
was  validated  by  computing  the  steady  state  behavior  of  the  strained,  single  hydrogen-air 
interface,  with  effectively  “infinite”  supplies  of  fuel  and  air  in  a  counterflow  configuration, 
and  comparing  results  with  the  experimental  results  via  UV  Raman  scattering  by  lirees,  et. 
a/[38].  The  full  H2-air  mechanism  of  Maas  and  Wamatz[39]  was  employed  in  this  validation, 
which  is  slightly  different  from  the  mechanism  \ised  in  the  computations  in  [38].  Results  of 
the  predictions  for  the  steady  state  temperature  profile  and  species  distributions  are  shown 
in  Figures  3  and  4,  the  latter  case  representing  a  strain  rate  field  near  extinction.  For  both 
cases  the  species  distributions  are  predicted  extremely  well  and  the  temperature  predictions 
in  the  flame  zone  are  within  12%.  This  reasonable  correspondence  between  the  present 
predictions  and  experiments  lends  credence  to  the  validity  of  the  present  computational 
procedure;  to  our  knowledge,  there  are  no  comparable  experimental  results  available  for 
validation  of  propane-air  flames. 

The  focus  of  the  present  computational  study  is  for  the  full  propane-air  chemical  mecha¬ 
nism  of  [40],  with  the  additional  thermal  NOx  formation  mechanism  of  [41],  to  study  ignition, 
burning,  and  extinction  of  a  strained  propane  fuel  strip. 


5  Results 

Results  for  the  transient  ignition,  burning,  and  extinction  processes  associated  with  a 
propane  strip  burning  in  air  are  shown  in  Figures  5  through  8  for  the  inviscid  case.  Figure 
5  shows  plots  of  temperature,  OH  and  H  concentrations,  and  fuel  consumption  rate  as  a 
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function  of  distance  across  the  fuel  strip  and  as  a  function  of  time,  for  a  fuel  strip  of  initial 
thickness  1  mm  in  heated  air  at  a  constant  strain  rate  of  300  sec"^  In  all  cases  shown  here, 
the  initial  temperature  of  the  air  was  taken  to  be  1300®  K  and  the  initial  temperature  of 
propane  was  400®  K;  these  conditions  very  roughly  corresponded  to  experimental  conditions 
for  the  lobed  fuel  injector  study [23],  in  that  unheated  fuel  is  injected  into  air  which  is 
preheated  by  downstream  flame  structures.  For  the  relatively  thick  fuel  strip  in  Figure  5, 
two  independent  ignitions  are  visible  via  thermal  runaway  at  two  distinct  locations.  Burning 
proceeds  at  each  flame  in  an  independent  manner  as  well,  evidenced  by  movement  of  each 
flame  away  from  the  strip,  toward  the  adjacent  oxidizer,  in  accordance  with  the  stoichiometric 
requirements  of  the  reaction.  At  later  times  the  flames  begin  to  move  toward  each  other, 
burning  out  the  intervening  fuel.  This  ignition  mode  is  consistent  with  the  asymptotic 
analysis  of  ignition  in  [20],  whereby  relatively  thick  fuel  strips  at  zero  or  relatively  low  rates 
of  strain  ignite  independently.  Figure  5  demonstrates  that  the  interfaces  can  initially  burn 
in  an  independent  fashion  as  well  prior  to  the  beginning  of  fuel  burnout. 

Figure  6  shows  the  evolution  of  temperature,  species  concentrations,  and  fuel  consump¬ 
tion  associated  with  a  fuel  strip  of  the  same  initial  thickness  as  in  Figure  5  but  exposed  to  a 
constant  strain  rate  of  500  sec“^.  While  only  a  slight  delay  in  ignition  is  observed  in  compar¬ 
ison  to  that  in  Figure  5,  there  is  more  of  an  interdependence  of  the  flames  that  do  ignite  in 
that  the  temperature  and  radical  concentrations  between  the  interfaces  have  increased  above 
their  initial  values  at  ignition.  The  flames  then  proceed  to  move  toward  each  other  much 
sooner,  rapidly  depleting  the  intervening  fuel  and  extinguishing  at  a  short  time  later.  This 
behavior  is  a  quantitative  confirmation  of  the  enhancement  of  thermal  feedback  suggested 
by  the  single  step  asymptotic  solution  of  this  ignition  problem[20]  and  the  corresponding 
“dependent”  ignition  mode  for  the  two  fuel-air  interfaces. 

Figures  7  and  8  show  temporal  and  spatial  evolution  of  flame  structure  for  the  propane 
fuel  strip  of  the  same  initial  thickness  as  above  but  with  successively  higher  constant  rates 
of  strain.  In  Figure  7  there  is  a  greater  ignition  delay  than  in  Figure  5,  but  with  ignition 
at  a  single  location,  indicating  that  ignition  and  sustained  burning  occur  in  the  premixed  or 
partially  premixed  mode.  Here  the  rate  of  strain  is  so  high  that  the  fuel-air  interfaces  are 
brought  together  very  rapidly,  and  substantial  interchange  of  mass  occurs  before  the  ignition 
process.  This  mode  of  ignition  again  is  a  quantitative  confirmation  of  the  single  ignition 
mode  observed  in  the  single-step  asymptotic  solution  of  this  problem[20].  As  is  expected, 
this  flame  consumes  the  existing  fuel-air  mixture  and  bums  out  very  rapidly.  Figure  8,  at 
a  constant  strain  rate  of  1500  sec~S  demonstrates  that  at  extremely  high  rates  of  strain, 
ignition  can  be  prevented  in  the  strained  fuel  strip;  no  significant  formation  of  radicals,  rise  in 
temperature,  or  fuel  consumption  occurs.  This  “non-ignition”  mode  occurs  due  to  the  ultra 
rapid  Tniving  of  fuel  and  air,  so  high  that  fuel  is  diluted  beyond  a  level  necessary  for  ignition- 
of  the  mixture.  This  observation  is  also  seen  in  the  asymptotic  solution  of  the  problem[20], 
and  differs  from  modes  of  ignition  prevention  seen  for  single  fuel-air  interfaces  in  which  heat 
loss  due  to  high  strain  prevents  thermal  runaway. 

In  several  of  the  cases  shown  in  Figures  5  through  7  radical  runaway  can  precede  the 
runaway  in  temperature  during  ignition  of  the  fuel-air  interfaces,  similar  to  the  observations 
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of  Kreutz,  et  a/.[8]  for  single  strained  fuel-air  interfaces.  This  phenomenon  is  resolved  in 
more  detail  in  Figure  9,  where  the  start  of  runaway  in  H  and  OH  radicals  occurs  at  a  time 
prior  to  the  initiation  of  a  runaway  in  temperature. 

As  indicated  in  Figures  5-9,  there  is  a  strong  dependence  of  the  nature  of  the  ignition 
process  on  the  specific  fiow  variable  (c)  and  geometric  variable  (initial  strip  thickness).  A 
plot  of  the  time  to  ignition  as  a  function  of  the  initial  strip  thickness  for  different  constant 
rates  of  strain  is  shown  in  Figure  10.  A  similar  type  of  plot,  nondimensionalized  in  terms  of 
a  chemical  time,  is  generated  by  the  single  step,  as3rmptotic  solution  of  fuel  strip  ignition  in 
[20].  As  seen  in  the  asymptotic  result,  as  initial  strip  thickness  is  reduced  for  a  fixed  strain 
rate,  a  reduction  in  the  time  to  ignition  is  seen  due  to  the  thermal/radical  feedback  between 
the  fiiel-air  interfaces.  For  very  thin  fuel  strips,  ignition  delay  time  then  increases  with  a 
reduction  in  initial  strip  thickness  due  to  a  more  rapid  mixing  process  than  that  of  heat  or 
radical  production.  While  all  strain  rate  contours  exhibit  this  trend  in  Figure  10,  there  does 
appear  to  be  a  crossover  in  curves,  demonstrating  (as  in  [20])  the  possibility  that  a  fuel  strip 
exposed  to  a  higher  strain  rate  can  ignite  sooner  than  an  equivalent  strip  exposed  to  a  lower 
strain  rate,  again  due  to  the  feedback  mechanism. 

The  benefit  of  increased  strain  rate  for  NO*  reduction  in  complex  fiows  in  which  strained 
interfaces  are  brought  together  (as  in  Figure  1)  is  also  examined  here.  Figures  11  and  12  show 
concentrations  of  NO  and  NO2  (in  addition  to  temperature  and  OH  distributions)  produced 
by  fuel  strips  exposed  to  constant  strain  rates  of  100  sec~^  and  1000  sec“^,  respectively. 
At  the  lower  strain  rate,  ignition  of  the  fuel  occurs  in  an  independent  fashion  before  the 
diffusion  flames  sense  each  others’  presence  and  bum  out  the  intervening  fuel;  for  the  higher 
strain  rate,  premixed  ignition  and  relatively  rapid  burnout  occur.  The  differences  in  NO  and 
NO2  production  are  quite  significant  here.  At  the  lower  strain  rate  (Figure  11)  the  initial 
NO  concentrations  can  be  over  an  order  of  magnitude  greater  than  for  the  higher  strain  rate 
problem  (Figure  12),  while  NO2  concentrations  can  be  nearly  an  order  of  magnitude  higher 
at  the  low  strain  case.  The  small  amount  of  NO2  forming  at  ignition  in  Figure  11  appears  to 
be  associated  with  the  rapid  formation  and  depletion  of  a  small  amount  of  NO,  smaller  than 
would  register  on  the  NO  plot  in  Figure  11.  While  the  simple  configuration  of  the  planar 
fuel  strip  does  not  represent  many  of  the  complexities  of  turbulent  reacting  flows  (Figure  1) 
the  benefits  of  locally  large  strain  rates  for  the  ignition  of  adjacent  reactant  interfaces  (as 
compared  with  a  single  interface)  are  quite  profound  precisely  because  ignition  and  burning 
can  take  place  in  a  locally  premixed  mode  rather  than  in  a  diffusion  flame  mode. 

A  sample  result  for  solution  of  the  viscous  fiow  problem,  represented  by  equation  (1),  is 
shown  in  Figure  13;  comparison  may  be  made  to  the  equivalent  inviscid  problem,  formulated 
in  equation  (5),  with  results  shown  in  Figure  5.  While  the  actual  process  of  ignition  and 
ignition  times  are  the  same  for  the  two  computations,  the  process  of  sustained  burning  of 
the  fuel  strip  and  eventual  burnout  is  substantially  longer  for  the  viscous  simulation  than 
for  the  inviscid  simulation.  Clearly,  the  effect  of  viscosity  is  to  reduce  the  effective  velocity 
and  strain  field  eqierienced  by  the  species  interfaces,  transporting  them  more  slowly  toward 
each  other  and  allowing  for  a  reduced  rate  of  consumption  of  intervening  fuel. 

The  response  of  the  fuel  strip  to  a  temporally  oscillating  strain  rate  in  the  absence  of 
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viscous  effects  is  also  considered  in  this  study.  The  temporal  rate  of  strain  experienced  by 
the  strip  in  the  present  formulation  takes  the  form 

e(t)  =  €o  +  eisin  (27ru;t)  (12) 

Results  for  temperature  contours  for  the  case  where  €„  =  300  sec”^  are  shown  in  Figures  5 
(€i  =  0),  14abc  (ci  =  100  sec"S  a;  =  25,  250,  and  1000  hz,  respectively),  and  15abc 
(ci  =  250  sec“^,  u  =  25,  250,  and  1000  hz).  For  all  cases  of  oscillatory  strain  the  initial 
temperature  contours  (and  species  concentration  contours,  not  shcxvn)  during  ignition  appear 
nearly  identical,  with  nearly  identical  ignition  times  despite  the  fact  that  at  the  higher 
frequencies  the  fuel  strip  has  been  exposed  to  several  oscillatory  cycles  in  strain  rate  prior 
to  ignition.  In  both  Figures  14  and  15  there  is  an  oscillatory  response  of  the  flame  structure 
to  the  oscillations  in  strain  rate.  This  response  is  somewhat  out  of  phase  with  the  local 
application  of  the  strain  rate,  however,  in  that  local  increases  in  temperature  seem  to  respond 
to  a  prior  local  increase  in  strain  rate.  In  Figure  15,  the  low  frequency  oscillations  at  25  hz 
are  slow  enough,  and  with  a  large  enough  amplitude  of  oscillation,  that  the  flame  experiences 
a  sustained  exposure  to  high  strain  rates  according  to  equation  (12)  and  thus  burns  out  more 
quickly  than  for  the  higher  frequency  cases.  In  all  cases  at  higher  frequencies,  the  temperature 
(and  species)  distributions  appear  to  oscillate  about  the  “mean”  profile  exhibited  in  the  non- 
oscillatory  case  (Figure  5).  For  this  relatively  thick  fuel  strip,  the  flames  appear  able  to  keep 
up  with  oscillations  in  strain  even  at  high  frequencies,  in  contrast  to  a  lack  of  response  in 
strained  premixed  flames  at  high  frequencies  of  oscillation[42]. 


6  Summary  and  Conclusions 

The  present  study  demonstrates  that  a  full  numerical  simulation  of  ignition  of  a  strained 
fuel  strip  with  complete  combustion  chemistry  exhibits  the  same  phenomenological  modes 
of  thermal/radical  runaway  that  are  seen  in  a  single-step  asymptotic  simulation  of  the  prob¬ 
lem.  Further,  burning  and  extinction  processes  may  be  explored  via  nmnerical  simulation; 
these  calculations  suggest  the  sensitivity  of  the  combustion  characteristics  to  the  degree  of 
straining,  to  the  presence  of  viscosity  in  the  flowfield,  and  to  temporal  oscillations  in  the 
rate  of  strain.  The  benefits  of  large  strain  rates  in  terms  of  NO  and  NO2  reduction  are 
demonstrated  to  occur  in  the  present  context  as  a  result  of  enhanced  fuel-air  mixing  during 
high  strain  which  leads  to  premixed  flame  ignition  and  burning. 
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Figure  2:  Geometry 
The  strip  is  exposed 


(a)  Temperature  distribution 


Figure  3:  Results  from  the  present  computational  method  for  the  steady  state  structure  of 
the  single  strained  hydrogen-air  diffusion  flame.  Comparisons  are  made  with  the  experiments 
of  Trees,  et.  al[38]  for  the  effective  strain  rate  e  =  134  sec~^.  Error  bars  shown  are  for  the 
experimental  data. 
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20  mole%  In  vs.  Air;  e=1344  sec^ 


(a)  Temperature  distribution 


Figure  4:  Results  from  the  present  computational  method  for  the  steady  state  structure  of 
the  single  strained  hydrogen-air  diffusion  flame.  Comparisons  are  made  with  the  experiments 
of  'Rees,  et.  o/(38]  for  the  effective  strain  rate  e  =  1344  sec"^  (near  extinction).  Error  bars 
shown  are  for  the  experimental  data. 
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Figure  5:  Temporal  and  spatial  evolution  of  temperature,  fuel  consumption  rate,  and  OH 
and  H  mass  fractions  for  the  strained  fuel  strip  with  initial  thickness  1.0  mm  and  constant 
rate  of  strain  300  sec~^. 
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Figure  6:  Temporal  and  spatial  evolution  of  temperature,  fuel  consumption  rate,  and  OH 
and  H  mass  fractions  for  the  strained  fuel  strip  with  initial  thickness  1.0  mm  and  constant 
rate  of  strain  500  sec“^. 
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Figure  7:  Temporal  and  spatial  evolution  of  temperature,  fuel  consumption  rate,  and  OH 
and  H  mass  fractions  for  the  strained  fuel  strip  with  initial  thickness  1.0  mm  and  constant 
rate  of  strain  1000  sec“^ 
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Figure  8:  Temporal  and  spatial  evolution  of  temperature,  fuel  consumption  rate,  and  OH 
and  H  mass  fractions  for  the  strained  fuel  strip  with  initial  thickness  1.0  mm  and  constant 
rate  of  strain  1500  sec""^. 
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Figure  9:  Spatial  distribution  of  temperature,  OH,  and  H  mass  fractions  at  two  different 
times  for  the  strained  fuel  strip  with  initial  thickness  1.0  mm  and  constant  rate  of  strain  300 
sec~^  Radical  runaway  is  apparent  prior  to  thermal  runaway  here. 
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Figure  10:  Time  to  ignition  (determined  via  thermal  nmaway  detection)  as  a  function  of 
initial  fuel  strip  thickness  for  different  constant  rates  of  strain. 
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Figure  11:  Temporal  and  spatial  evolution  of  temperature,  OH,  NO,  and  NO2  mass  fractions 
for  the  strained  fuel  strip  with  initial  thickness  0.35  mm  and  constant  rate  of  strain  100  sec"^ 
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Figure  12:  Temporal  and  spatial  evolution  of  temperature,  OH,  NO,  and  NO2  mass  fractions 
for  the  strained  fuel  strip  with  initial  thickness  0.35  mm  and  constant  rate  of  strain  1000 
sec“^. 
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Figure  13:  Temporal  and  spatial  evolution  of  temperature  for  the  strained  fuel  strip  with 
initial  thickness  1.0  mm  and  constant  rate  of  strain  300  sec~^.  Result  from  the  viscous 
computation  is  shown. 
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(b)  w  =  250  Hz 


(c)  w  =  1000  Hz 

Figure  14:  Temporal  and  spatial  evolution  of  temperature  for  the  strained  fuel  strip  with 
initial  thickness  1.0  mm,  mean  rate  of  strain  €„  =  300  sec“^,  and  amplitude  of  oscillation  ei 
=  100  sec“^. 
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(c)  w  =  1000  Hz 

Figure  15:  Temporal  and  spatial  evolution  of  temperature  for  the  strained  fuel  strip  with 
initial  thickness  1.0  mm,  mean  rate  of  strain  =  300  sec“^  and  amplitude  of  oscillation  €i 
=  250  sec“^ 
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